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Motivation

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 kaonic bound states

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

o essential for the determination of K™-nuclei optical potential

e |n medium modification of the KbarN interaction

o partial restoration of chiral symmetry — hadrons mass origin
o Equation of State of Neutron Stars
o modification of A(1405) and 2(1385) properties in nuclear medium
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Experimental constraints above threshold
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Experimental constraints above threshold

K-p elastic and inelastic low-energy cross sections

1 By we == == == Phen. [Y.lkedaand T.Sato,Phys. Rev.C76,035203 (2007)]
[ Chiral [S. Ohnishi, Y. Ikeda, T. Hyodo, W. Weise, Phys.Rev. C93 (2016) no.2, 025207]
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Experimental constraints at threshold
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Precise SIDDHARTA measurement of kaonic
hydrogen 1s level shift and width
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Below threshold
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K'n scattering amplitude
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Impact on A(1405) nature

A (1405) The A(1405) state does not fit with the simple three quarks model
S (uds) and it is commonly accepted to be partially, a KN bound state.

Chiral models: dynamical origin. Two poles of the scattering
it it | amplitude — pole positions is model dependent (relative

KN contributions not measured experimentally)
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Impact on A(1405) nature

Number of events per bin

A (1405) The A(1405) state does not fit with the simple three quarks model
S (uds) and it is commonly accepted to be partially, a KN bound state.
| } > Single pole ansatz (Esmaili-Akaishi-Yamazaki phenomenological
_I Vs [MeV potentials model): Very strongly attractive KN interaction —
KN existence of deeply bound kaonic bound states
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K'pp bound state

Tkpp (MeV/c?)

e KN input modelis critical for the theoretical
interpretation

e different bound state production mechanisms
are experimentally investigated

® E15— firstclear evidence in K induced
reactions (theoretical interpretation by

Sekihara, Oset, Ramos)
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Impact on in-medium KN interaction

Partial restoration of chiral
symmetry in medium
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e Impact on Equation of State (EoS) of Neutron Stars:
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Goals of AMADEUS

Unprecedented studies of the low-energy charged kaons interactions in nuclear matter: solid
and gaseous targets (H, *He, ®Be, 12C ...) in order to obtain unique quality information about:

1. Controversial nature of the A (1405) and
KN amplitude below threshold — —» Yimr CORRELATION STUDIES

(i.e. Airand Z1m and final states)
2. Low-energy charged kaon cross sections /

for momenta of 100 MeV/c \
3. ns

a) Interaction of K" with one and more nucleo

(single and multi-nucleon K absorption)7 YN CORRELATION STUDIES

(i.e. Ap, 2°p,and Atfinal states)
b) possible existence of kaonic bound states

4. YN scattering — extremely poor experimental information from scattering data
(helpful to understand the EoS of Neutron Stars)
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DA®NE the ® factory

e (@resonancedecaysat49.2%in K"
K™ back to back pair

e Verylow momentum (= 127 MeV)
K beam

e Flux of produced kaons: about
1000/second

Istituto Nazionale di Fisica Nucl
| N FIN  ton aons o rson i Hi oot e e"e at510MeV
/ S ".‘ te
4 /
-
.

I Best low momentum K" factory in the world

Suitable for low-energy kaon physics:

0.,‘ — Kaonic atoms (SIDDHARTA-2)
‘0 © / . |
. — Kaon-nucleons/nuclei interaction studies

(AMADEUS)
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AMADEUS step O

The KLOE detector

e Cylindrical drift chamber with a 411 geometry and
electromagnetic calorimeter
o 96% acceptance

Izl 3 A
N~
S.C. COIL Z

: i
Hi

DRIFT . CHAMBER:
7

e optimized in the energy range of all charged particles
involved
e good performance in detecting photons and neutrons
. S — checked by kloNe group
s ¢ P Mean 2502 [M. Anelli et al., Nucl Inst. Meth. A 581, 368 (2007)]

40000

events / (0.7

30000

Possibility to use KLOE materials as an active target
e DCwall (750 um Cfoil, 150 um Al foil);
I DC-gas (He + G + H) e DC gas (90% He 10% C H )
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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) «

 p~100 MeWc .

Raffaele Del Grande
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Large spread in =1 channel
Experimental information is totally missing:

e SIDDHARTA-2 — first experimental
constraint at threshold

AMADEUS — First determination of the
non-resonant transition amplitude below
threshold
Investigated using:
K “n”— Am~ toextract [fNR (I=1)]
below threshold
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Simultaneous fit:p, -m,

-cos @,
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[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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Outcome of the measurement

Investigated using: K" “n” 3He — Amr™ 3He
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[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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Kp — Z%1° cross section
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Figure 14. K~p — X%2° cross section as function of K~ laboratory momentum. The black points represent [15] W. E. Humphrey and R. R. Ross, Phys. Rev. 127 (1962) 1305

the experimental data from [15, 16], the corresponding uncertainty on the kaon momentum is not shown in this [16] J. K. Kim. Columbia University Report No NEVIS-149 (1966)
figure. The solid red curve with the shaded uncertainty band represents the theoretical calculation in Ref. [12]. .

Thisi Bl st stha igiasirsmiai, G s Werk [12]Y. Ikeda, T. Hyodo, W. Weise, Nucl. Phys. A 881 (2012) 98
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K™ multi-nucleon absorptions

In K-nuclei optical potential a K multi-nucleon absorption term is necessary to fit the
kaonic atoms data: e M

P&KM UBDE[ N

o
©

(=4
o

@ multi-nucleon term

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

V. (p)

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

=]
~

1N absorption fraction
1N absorption fraction

single nucleon term from chiral models O ——t = - LY 20 0 e s 100
e Single nucleon absorption ( ): KN —=Ym pionic processes
e Two nucleon absorption (2NA): K “NN” - YN
e Three nucleon absorption (3NA): K “NNN” — Y (NN) ‘RON-pionic processes
e Four nucleon absorption (4NA): K “NNNN” — Y (NNN)

bound nucleons = “N” “NN” “NNN” “NNNN”
bound or unbound nucleons = (NN), (NNN)
Y=AZ
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Experimental search in K  induced reactions
FINUDA at DA®NE: K Op+X—>A+p+X’

st
only back-to-back Ap pairs (cosB/\p <-0.8)
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[M. Agnello et al., Phys. Rev. Lett. 94, 212303 (2005)]

225 23 235 24 \2.45 25

Interpreted as the signal of:

extracted parameters:
BE = (115 (stat.)*®, (syst.) MeV
M=(67*1(stat)" J(syst.)) MeV/c?

Kpp—A+p

E549atKEK: K+ “‘He > A+p+X

detected particles
. [T. Suzuki et al., Mod. Phys. Lett. A23 (2008) 2520-2523.]
e dbindubilhduitnibi st Al

< 300 Py . et 18
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> i P = = Jo.16
= 260} ]
= Jo.14
K% C 3 ]
£ 200F . Jo.12
3 i Y]
o . = —:0;1
150_— ]
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1 E =
oo:>3 3 {o-06
-+ + J0.04
50 = =
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$b506 2100 2150 2200 2250 2300 2350 2400
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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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Ap analysis: K +?2C—->A+p+R

: . —+— data
Simultaneous fit of: < 1800 8 400k —
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p o 2 1605 a) + Jr ~  350F b) B 2NA-QF =°p
e angular correlation; o 4OE | £ a0of 2NA-FSIT0p
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[R. Del Grande, K. Piscicchia, O. Vazquez Doce et al., Eur.Phys.J). C79(2019) no.3, 190]
[R. Del Grande, K. Piscicchia, S. Wycech, Acta Phys. Pol. B 48 (2017) 1881]
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Ap analysis: K" multi-nucleon absorption BRs and o

[R. Del Grande, K. Piscicchia, O. Vazquez Doce et al., Eur.Phys.). C79(2019) no.3,190]

Process Branching Ratio (%) | o (mb) Q prx (MeV/c)
2NA-QF Ap 0.25 £ 0.02 (stat.) TO-91 (syst.) 2.8 + 0.3 (stat.) 103 (syst.) Q 128 + 29
2NA-FSI Ap 6.2 + 1.4(stat.) T9-5(syst.) 69 + 15 (stat.) + 6 (syst.) @ 128 + 29
2NA-QF X% 0.35 £ 0.09(stat.) T0 53 (syst.) 3.9 + 1.0 (stat.) T3 (syst.) @ 128 + 29
2NA-FSI £%p 7.2 + 2.2(stat.) T52(syst.) 80 + 25 (stat.) T5S (syst.) Q@ 128 + 29
2NA-CONV /A 2.1 + 1.2(stat.) T9-9(syst.) -

3NA Apn 1.4 £ 0.2(stat.) 703 (syst.) 15 + 2 (stat.) & 2 (syst.) Q@ 117 + 23
3NA X%n 3.7 + 0.4(stat.) TO-2(syst.) 41 + 4 (stat.) T2 (syst.) @ 117 + 23
4NA Apnn 0.13 + 0.09(stat.) tg:gi(syst.) -

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

The ratio between the branching ratios of the
2NA-QF in the Ap channel and in the % is
measured to be:
B BR(K pp — Ap) 3
~ BR(K~pp — X'p)
and the ratio between the corresponding
phase spacesis R ~ 1.22.

0.7 + 0.2(stat.)*y3

(syst.) > ().6’

Raffaele Del Grande

Information on the in-medium dynamics

[J. Hrtankova, A. Ramos, arXiv:1910.01336, submitted to Phys. Rev.
C] 17 T = T T T - T =
1.2—\ 4% 12 s\ _
free-space ,/’/ 1 Y free-space /,” 1
l & \¥P—/’7‘__/_: il ool I~ 2 i |
osk T =~ Pauli s
i EXP 7 sl EXP ]
. Pmodel | 4L BCN model |
0.4+ - 041 =
0.2+ — By =0MeV H 02+ SEE BK:()MeV —
L By = 50 MeV By = 50 MeV
| 1 L | 1 1 | " 1 |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
p/p, plp,



Ap analysis: K pp bound state

+data SRRRRRRRRRNN 2NA 5 )
< 180 - I 2NA-QF A p = r BE=15MeV I'=110 MeV/c2 (E15 first run)
o = = 2NA-FSIA p = 0.12F ——— BE=115MeV I'=67 MeV/c® (FINUDA)
= 160 + B 2NA-QF 20p Tr ———— BE=103 MeV I'=118 MeV/c? (DISTO)
2 - 2NA-FSI =0 p 01E — BE=95MeV I'=162 MeV/c? (E27)
e 140— _ B 2NA-CONV T/A -F BE=161 MeV I'=24 MeV/c? (OBELIX)
4 c o f B 3NA Apn [
-2 120: == 3NAxpn 0.08
» 100F 4NA Apnn :
= - —— Gilobal fit 0.06
8 80 — -
O 60 0.04r
40E 0.02F-
20— | - | |
0%5050 2100 2150 2200 2250 [2300 2350| 2400 2300 2310 2320
m, , (MeV/c?)

K pp bound state contribution completely overlaps with the K2NA

[R. Del Grande, K. Piscicchia, O. Vazquez Doce et al., Eur.Phys.J). C79(2019) no.3, 190]
[R. Del Grande, K. Piscicchia, S. Wycech, Acta Phys. Pol. B 48 (2017) 1881]
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Ap analysis: K pp bound state

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

[R. Del Grande, K. Piscicchia, O. Vazquez Doce et al., Eur.Phys.J). C79(2019) no.3, 190]
[R. Del Grande, K. Piscicchia, S. Wycech, Acta Phys. Pol. B 48 (2017) 1881]
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Ap analysis: K pp bound state search

«— 100~
% C
= L
= 8o
(V)- [
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= 60—
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% |
o 40~
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20~

only back-to-back Ap
pairs (cos@ Ap < -0.8)
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m, , (MeV/c?)

FINUDA at DAONE
“Bypp [MeV]

BRs evaluation
B ——
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|
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T |
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p-A invariant mass [GeV/c']

[M. Agnello et al., Phys. Rev. Lett. 94, 212303 (2005)]
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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.) 7922 (syst.)
2NA-FSI 2°p 5.4 + 1.5(stat.) T59(syst.)

2NA-CONV /A

—2.7
22 + 4(stat.) fiz(syst.)

3NA Apn 1.1 4+ 0.3(stat.) £ 0.2(syst.)
3NA X%pn 1.9 4+ 0.7(stat.) fg‘_i(syst.)
it i fitwith
fit with h 2NA-QF Ap ——
all Ap events back-to-back 2NA-FSI Ap
Ap events 0
1 2NA-QF 5% = |
10 2NA-FSI %
3NA Apn —a—
< ? 3NA %n |
< 10° . Conv =
3 s %
2 : 1 |
£ i
g107"
1]
102
COMPATIBLE!!!
3
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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)x10*/K___ — global,no4NA
stop s = l Entries 14845
§
2
- in solid targets: ¢’Li, °Be (FINUDA) S
/Phys. Lett. B, 229 (2008)/ = We measure
40 events, only back-to-back data S

the triton mass
by TOF

....AIMQ.. EQ.. “
1500 éUOU 25 000 3500 4000

Mass calculated by TOF (MeV/c?)
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At emission yield ~ 10° - 10*/K _
— global, no 4NA




counts/(40MeV/c)

counts/(10MeV/c?)

counts/0.1

At analysis: Cross section and BR for 4NA in K" “He—At process

o( K12C (4NA) —»2°t ®Be) = 1.88 + 0.35 (stat) mb

BR(K“*He(4NA) — At) < 20 x 104/K,, _ (95%c.1) BR(K'2C(4NA) — At ®Be) = 1.5+ 0.5 x 10 (stat) /K,
o(100 + 19 MeV/c) (K*He(4NA) —>At) = o( K'12C (4NA) >Nt Be) =0.58 £ 0.11 (stat) mb
=(0.81£0.21 (stat) *%% (syst)) mb
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" cos(8, ,)
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o(K™p— 7°%% [mb]

Summary

K'n am(l)D!gfdGO '3?510"" gpgg4sholog A p channel: 2NA, 3NA and 4NA BRs and o
~ | =1{0.334 + 0. stat’ o resSyst)Im.
‘f“’"| . ( B _0?)8 }‘ _ ) Process Branching Ratio (%) | o (mb) @ px (MeV/c)
® Mai-Meissner 4 INA-QF Ap 0.25 4 0.02 (stat.) T9-0% (syst.) 2.8 + 0.3 (stat.) T3 (syst.) @ 128 + 29
M Meissner 2 2NA-FSI Ap 6.2 + L4(stat.) 792 (syst.) 69 + 15 (stat.) + 6 (syst.) @ 128 + 29
. ® GuoOler? INA-QF £ 0.35 £ 0.09(stat.) 1083 (syst.) 3.9 £ 1.0 (stat.) T53 (syst.) @ 128 + 29
o ® GuoOter1 INA-FSI £%p 7.2 4 2.2(stat.) T3 2(syst.) 80 + 25 (stat.) 145 (syst.) @ 128 + 29
—e—  ® CieplySmejkal 2NA-CONV /A 2.1 4 1.2(stat.) 799 (syst.) .
—e—i ® Ikeda-Hyodo-Weise 3NA Apn 1.4 £ 0.2(stat.) 192 (syst.) 15 4 2 (stat.) + 2 (syst.) @ 117 + 23
—e—i @ Feijoo-Magas Ramos 3NA Z%n 3.7 £ 0.4(stat.) tg:i(syst.) 41 £ 4 (stat.) f% (syst.) Q 117 £ 23
—o— @ AMADEUS 4ANA Apnn 0.13 + 0.09(stat.) fgigi;(syst.) -
Global A(X0)p 21 £ 3(stat.) f‘:;(syst.) | -
0 0‘ 1 0‘.2 0‘.3 OI.4 0‘_5 O‘_G 0‘.7 O‘.S 09
T eal (M)
K'p — Z°1° cross section
445 . . . A tchannel: 4NA BRs and o -
L1 . onion 3 v . [Envies 160
120 { NLO — LU il
voo 1 BR(K*He(4NA) — At) < 2.0x 104/K_,__(95%c.1) :
: (100 £ 19 MeV/c) (K*He(4NA) —At) = 1

80 1 3 =(0.81£0.21 (stat) **% (syst)) mb Nl

___ {11
Q&z om0 w00 400 400 4150 420 25 4300
m,, (MeVic)

BR(K'?C(4NA) — At ®Be) = 1.5+0.5 x 10 (stat) /K . - =
o( K'12C (4NA) —»At ®Be) = 0.58 £ 0.11 (stat) mb
o( K'12C (4NA) —>2°t 8Be) = 1.88 + 0.35 (stat) mb
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Thank You
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