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K-p scattering amplitude

K-p scattering amplitude
   in Chiral calculations

● Kyoto-Munich (KM)    
                 Y. Ikeda, T. Hyodo, W. Weise, Nucl. Phys. A 881 (2012) 98

● Murcia (MI , MII )   
Z. H. Guo, J. A. Oller, Phys. Rev. C 87 (2013) 035202

● Bonn (B2 , B4 ) 
M. Mai, U.-G. Meißner - Eur. Phys. J. A 51 (2015) 30

● Prague (P) 
A. Cieply, J. Smejkal, Nucl. Phys. A 881 (2012) 115

● Barcelona (BCN) 
A. Feijoo, V. Magas, À. Ramos, Phys. Rev. C 99 (2019) 035211

2



Experimental constraints at K̄N threshold

Precise SIDDHARTA measurement of kaonic 
hydrogen 1s level shift and width

M. Bazzi et al.. 2011. (SIDDHARTA Coll.), Phys. Lett. B704, 113 
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K-p scattering amplitude

    Large discrepancies in 
the region below threshold! 4
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 What above the threshold?
K-p inelastic low-energy cross sections 
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 What above the threshold?

K-p elastic and inelastic low-energy cross sections 

lack of data for   p
K

 < 120 MeV/c
AMADEUS can give this info 6



K-n scattering amplitude below threshold

even larger spread in I=1 channel

Experimental information was missing:

● SIDDHARTA-2  → first experimental 
constraint at threshold

● AMADEUS → determination of the 
non-resonant (s-wave)  transition 
amplitude below threshold

Investigated using:
K- “n” →  Λπ−   to extract    |f N-R Λπ 

(I=1)|

with bound neutron in 4He

K-n scattering amplitude (s-wave)
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AMADEUS scientific case

88

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

● K-N interaction above and below threshold
○ Λ(1405) nature 

○ K-N scattering amplitudes and cross sections

● K-NN, K-NNN, K-NNNN (multi-nucleon) interactions
○ K--multi nucleon cross sections

○ essential for the determination of K--nuclei optical potential

○ kaonic bound states 

● Hyperon-nucleon/(multi-nucleons) interaction cross sections



DAΦNE the Φ factory

Fantastic low momentum K- factory 

Suitable for low-energy kaon physics:
→ Kaonic atoms (SIDDHARTA-2)
→ Kaon-nucleons/nuclei interaction studies 
(AMADEUS)

● e+ e- at 510 MeV
● φ resonance decays at 49.2 % in K+ 

K- back to back pair
● Very low momentum (≈ 127 MeV) 

K- beam
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AMADEUS

 K- 

 K+ 
e+ e-

KLOE used as an active target

● DC wall (750 μm  C foil , 150 μm  Al foil);
● DC gas (90% He, 10% C

4
H

10
).

+
pure sample of K- 12C absorptions at-rest

The KLOE detector

Cylindrical drift chamber with a 4π geometry and 
electromagnetic calorimeter, 96% acceptance

●  optimized in the energy range of all charged particles involved
●  good performance in detecting photons and neutrons checked by kloNe 

group 
           [M. Anelli et al., Nucl Inst. Meth. A 581, 368 (2007)]
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K- absorptions at-rest and in-flight

IN-FLIGHT 
(pΚ~ 100 MeV/c)

AT-REST  
K- absorbed from atomic orbitals 

(p
K

 ~ 0 MeV/c)

e-

pΚ~ 100 MeV/c
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K- n →  Λπ−  events selection and interpretation
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Events selection -    Λ     p π-    (BR = 63.9 ± 0.5%)

K-  absorption in the DC gas:

ρΛ> 30 cm

contamination with K-  absorption 
in the DC wall < 3%

DC w
all

EM
 calo

rim
ete

r

Opposite charged tracks with common vertex,

main background:



Simultaneous fit : pΛπ− - mΛπ− - cosθΛπ−

Investigated using:
 K- “n” 3He  →  Λπ−  3He

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)

14
[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]



Outcome of the measurement

Investigated using: 
K- “n” 3He  →  Λπ−  3He

[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]

Energy of the K-n system:
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Outcome of the measurement

Investigated using: K- “n” 3He  →  Λπ−  3He

[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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Simultaneous measurement of the    

K p  ->  Σ0 π0  &  Λ π0

cross sections at    p
K-

 = 98 ± 10 MeV/c  



Events selection -    γ
1 

,
 
γ

2
 & γ

3

- K+ -> π+π0 background is rejected

- three photon clusters are selected by TOF

   with          t = ti - tj   ;   ti = tcli - ri/c

- disentangling  γ
1 

,
 
γ

2
 & γ

3  
:

- MC based rejection criteria:

- Cluster splitting background free!   Algorithm 
overall efficiency for γ detection:



Events selection -   Σ0  &  π0

- RESOLUTIONS: 



Events selection -   K-  H  abs. in flight

- SIGNAL:   K-  H  ->  (Σ0 / Λ)  π0  (if)     

- BACKGROUND:   K-  H  ->  (Σ0 / Λ)  π0  (ar)
                                            K-  (4He/12C)  ->  (Σ0 / Λ)  π0  + Residual (ar + if)
                                            elastic or inelastic FSI of the hyperon (Y) and/or the π0

- FURTHERMORE in  Λ π0   the direct production is affected by the background:  Σ0  π0  
primary production followed by   Σ0 -> Λγ     for ALL the channels



Events selection -   K-  H  abs. in flight

- SIGNAL:   K-  H  ->  (Σ0 / Λ)  π0  (if)     

- BACKGROUND:   K-  H  ->  (Σ0 / Λ)  π0  (ar)
                                            K-  (4He/12C)  ->  (Σ0 / Λ)  π0  + Residual (ar + if)
                                            elastic or inelastic FSI of the hyperon (Y) and/or the π0

- FURTHERMORE in  Λ π0   the direct production is affected by the background:  Σ0  π0  
primary production followed by   Σ0 -> Λγ     for ALL the channels

How to 
enhance

S/B ?



Events selection -   K-  H  abs. in flight

SIGNAL:   K-  H  ->  (Σ0 / Λ)  π0  (if)   
characteristic features:

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

b)  K-  H  ->  Λ  π0  (ar & if)  events can be 
sampled exploiting the resolution on pΛ

 
σ

pΛ= 1.9 ± 0.2 MeV/c



Events selection -   K-  H  abs. in flight

c)  due to E-p cons. the total Yπ0  momentum 
distribution for  K-  H  ->  Y  π0  (if)  events 
reflects the original K- momentum spectrum

arbitrary normalization

FSI is negligible after phase-space selections, 
is considered in systematics.

residual bkg:  K-  H   (ar) and K-  (4He/12C)

can be efficiently disentangled by means of a 
simultaneous fit   



Simultaneous fit and cross sections (Σ0 π0)

with
physical processes:

preliminary



Simultaneous fit and cross sections  (Λ π0)

+  the same processes initiated by primary Σ0 π0 
and followed by   Σ0 -> Λγ   

physical processes:

preliminary



Cross sections results

preliminary

cross section at p
K-

 = 98 ± 10 MeV/c :

th. calculation
Y. Ikeda, T. Hyodo, W. Weise, 

Nucl. Phys. A 881 (2012) 98





Ongoing - Σ0 π0  invariant mass studies to extract the 
Λ(1405) shape 

Same analysis for the I = 0
counterpart.

measured channel:
K- p  →  Σ0 π0 

(bound proton in 12C)

for the extraction of the 
Λ(1405) shape

28

- at rest 
K- capture

- at rest + in flight 
K- capture



At rest
m

Σ 0
π 0

   
(M

eV
/c

2 )

pπ0  (MeV/c) pπ0   (MeV/c)

in-flight component

In flight

pπ0  resolution: σp ≈ 12 MeV/c
   C

ou
nt

s/
(1

0M
eV

/c
) 

IN-FLIGHT

K- 12C

opens a window

between 1416 MeV

and K-Nth
   At rest

   At rest
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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 Σ0 π0  spectra



            K- p  →  Σ+ π- (bound proton in 12C)
p𝝿 resolution about 1MeV → K- capture at-rest/in-flight/on H can be distinguished

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

but, neglecting the small I = 2 component

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


● Single nucleon absorption (1NA): K- “N”  → Y π                    

● Two nucleon absorption (2NA):  K- “NN” → Y N

● Three nucleon absorption (3NA): K- “NNN” → Y (NN)                    multi-N processes 

● Four nucleon absorption (4NA):  K- “NNNN” → Y (NNN)

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

V
K-

(ρ) = V
K-

(1)(ρ) + V
K-

(2)(ρ)

    [E. Friedman, A. Gal, Nucl. Phys. A 959, 66 (2017)]

[Hrtánková, J. & Mareš, J. Phys. Rev. C96, 015205 (2017)]

single nucleon term from chiral models

     

K- multi-nucleon absorptions

phen. multi-nucleon term

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

Y = Λ, Σ 
31



Simultaneous fit of:
● Λp  invariant mass;
● angular correlation;
● proton momentum;
● Λ momentum.

Total reduced χ2 :   χ2/dof = 0.94

    

Λp analysis:      K- + 12C → Λ + p + R   

[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)] 32



Λp analysis: K- multi-nucleon absorption BRs and σ   

The ratio between the branching ratios of the 
2NA-QF in the Λp channel and in the Σ0p is 
measured to be:   

and the ratio between the corresponding 
phase spaces is                        . 

33

Information on the in-medium dynamics

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

[R. Del Grande, K. P., O. Vazquez Doce  et al., Eur.Phys.J. C79 (2019) no.3, 190]
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the only missing components are:

● BR( Σ-n ) = (0.12 ± 0.01(syst.))%

● BR( QF-Λn + QF-Σ0n ) = (0.76 ± 0.09(stat.) +0.13
−0.06

 (syst.))%

● BR( FSI-Λn + FSI-Σ0n ) = (1.62 ± 0.04(stat.) +0.22
−0.21

 (syst.))%

● BR( no conv Σ+ and Σ- ) = (3.04 ± 0.03(stat.) ± 0.92(syst.))%

Total BR of the K- 2NA process in 12C   

      (5.5 ± 0.1(stat.) +1.0
−0.9 (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: 

34
to be compared with [J. Hrtánková and A. Ramos. Phys. Rev. C, 101(3):035204, 2020]



Λp analysis: K- pp bound state   

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

3535



Λp analysis: K- pp bound state   

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

3636



    fit with
all Λp events 

   fit with 
back-to-back
   Λp events 

[M. Agnello et al., Phys. Rev. Lett. 94, 212303 (2005)] COMPATIBLE!!!

Λp analysis: K- pp bound state search

FINUDA at DAΦNE

AMADEUS at DAΦNE

BRs evaluation

only back-to-back Λp 
pairs (cosθΛp

 < -0.8) 

37

In agreement with

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)



Λt analysis: Cross section and BR for 4NA

Previous data: 
- in 4He: bubble chamber experiment
/M. Roosen, J. H. Wickens, II Nuovo Cimento 66, 101 (1981)/
only 3 events compatibile with Λt kinematics found

→  global, no 4NA
       

- in solid targets: 6,7Li, 9Be (FINUDA)
/Phys. Lett. B, 229 (2008)/
40 events, only back-to-back data

         →  global, no 4NA

GOLDEN CHANNEL to extrapolate the K- 4NA 

     K- + “ppnn”  →  Λ   +   t

38

AMADEUS analysis

PR
EL

IM
IN

ARY



MC simulations:  efficiency & resolution

39

mass threshold at-rest

at-rest in-flight

MΛt  invariant mass resolution  =  2.2 MeV/c2

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

at-rest in-flight



Cross section and BR for 4NA in K- 4He→Λt process

40

prelim
inary

       BR(K-4He(4NA) → Λt) < 2.0 × 10-4 /K
stop  

(95% c. l.)

 σ(100 ± 19 MeV/c) (K-4He(4NA) →Λt) =  
                         = (0.81 ± 0.21 (stat) +0.03

-0.04
 (syst)) mb



Cross section and BR for 4NA in K- 12C→Λ/Σ0 t processes

41

prelim
inary

       BR(K-12C(4NA) → Λt 8Be)  =  1.5 ± 0.5 × 10-4 (stat)  /K
stop  

       σ( K-12C (4NA) →Λt 8Be) = 0.58 ± 0.11 (stat)   mb

       σ( K-12C (4NA) →Σ0t 8Be) = 1.88 ± 0.35 (stat)   mb



Future perspectives

(K-  ppn) + n  →  Σ0 d + n

3NA in 4He

 

for the investigation of the

 

  Σ0-N  &  Σ0-(NN) interaction

42



Involved reactions:

3NA   -    (K- ppn) + n  →  Σ0 d + n

- The Σ0 identification (with respect to Λ) we don’t deal with internal conversion background. 
Moreover Σ0-N scattering data is demanded.

- 4He target  → no nuclear fragmentation can follow the 3NA primary process.

+
3NA can be followed by two possible elastic FSI

1)  n d →  n d  we may take advantage of the well known σNN data

2)  Σ0 n/d → Σ0 n/d  from which to extract information on Σ0-N , Σ0-(NN) interaction.



Involved reactions - signal:
 

3NA   -    (K- ppn) + n  →  Σ0 d + n

- Preliminary comparison of 3NA simulations with  K- 12C  →  Σ0 d + R data.

- We assume the negative kaon to be absorbed on one of the three α particles

- We show that the most energetic part of the mΣ0d  invariant mass spectrum is correlated to high 

pΣ0  and pd momenta, this corresponds to the  3NA   -    (K- ppn) process. 

 

 The Σ0 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 4He. 

Dedicated measurement with pure 4He target (3He target also helpful for comparison) is mandatory for this 
purpose.



3NA 

 (K- ppn) + n  →  Σ0 d + n

without FSI

Corresponds to the highest part of the 
invariant mass spectrum

MC
 

mΣ0d   (MeV)

DATA K-  12C
 

mΣ0d   (MeV)

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 8Be  (not present in 4He target).



MC
 

pΣ0   (MeV)
narrow

DATA K-  12C
 

pΣ0   (MeV/c)

3NA 

 (K- ppn) + n  →  Σ0 d + n

without FSI

Corresponds to the highest part of 
the  Σ0  momentum spectrum.

 

The narrow Σ0 momentum 

distribution yields 

Σ0-N and Σ0-NN cross section at 

550 ± 50 MeV/c.



Accurate model of the: 
 

(K-  ppn) + n  →  Σ0 d + n
3NA in 4He

+
Σ0 d/n  →  Σ0 d/n    FSI

 
is needed to extract the corresponding 

cross sections from the measured shapes.



Summary

48

K- p -> (Σ0/Λ) π0 

Prelim
inary 

cross section at p
K-

 = 98 ± 10 MeV/c :



Thank You
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K-(s=0)    4He(s=0)    n(s=1/2)    Σ*-(s=3/2) →  resonance p-wave only 
atomic s-state capture:

3He

● n

s

s
(K-  n)  s-state  interaction 

 Σ*-  not allowed

NON-RES only

● + 3He

● n

s

s
consequence of 3-body effect

(K-  n)  p-state  interaction 

 Σ*-  allowed

p
p

● (K- 4He →  Λπ−  3He) absorptions from (n s) - atomic states are assumed  →   
4He bubble chamber data     (Fetkovich, Riley interpreted by Uretsky, Wienke)

● Coordinates recupling enables for P-wave resonance formation

K- K- 

s
s



Strategy of the measurement
The kinetic energy in the K-n  CM system is:

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)

51

recoil energy of the Λπ− pair with 
respect to the residual



Strategy of the measurement
The kinetic energy in the K-n  CM system is:

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) 

is a free parameter to be extracted by comparison of predicted and measured 
momentum probability distributions. 52

recoil energy of the Λπ− pair with 
respect to the residual



53



54

Results of the analysis

Comparison with theoretically predicted real 
and imaginary parts of the non resonant, 
coupled channels,  
scattering amplitudes:

- for each model    is calculated at 
33 MeV below the KbarN threshold 

-                      is extracted from 
 by calculating the probability ratios:



Outcome of the measurement

Investigated using: K- “n” 3He  →  Λπ−  3He

[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]

55

J. K. Kim, Columbia University Report, Nevis 149 (1966)
J. K. Kim, Phys. Rev. Lett. 19 (1977) 1074



K- multi-nucleon absorptions are investigated by reconstructing the hyperon-nucleon/nuclei 
emitted in the final state of the process (i.e. Λp, Σ0p, and Λt final states)

   

                                                   

YN correlation studies

γ 

56

Λ decay vertex

hadronic vertex                                            



Simultaneous fit of:
● Σ0p  invariant mass;
● angular correlation;
● proton momentum;
● Σ0 momentum.

Total reduced χ2 :   χ2/dof = 0.85

    

Σ0p analysis:      K- + 12C → Σ0 + p + R   

[O. Vazquez Doce, L. Fabbietti et al., 
Phys.Lett. B 758, 134-139 (2016)]
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Simultaneous fit of:
● Σ0p  invariant mass;
● angular correlation;
● proton momentum;
● Σ0 momentum.

Total reduced χ2 :   χ2/dof = 0.807

    

Σ0p analysis:      K- + 12C → Σ0 + p + R   

[O. Vazquez Doce, L. Fabbietti et al., 
Phys.Lett. B 758, 134-139 (2016)]

58

Statistical significance of 1σ  
(evaluated by means of F-test method) 



59



60

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.
     



Calculated distributions  Λ π0

 



Calculated distributions  Σ0 π0

 



63

Reconstructed MC 
distributions  Λ π0

 



64

Reconstructed MC 
distributions  Σ0 π0
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Cross section calculation

number of impinging K- 

corrected for the decay

mean path length crossed by the 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)



Systematic errors



Negligible contributions in the Λ π0 fit 



At rest
m

Σ 0
π 0

   
(M

eV
/c

2 )

pπ0  (MeV/c) pπ0   (MeV/c)

in-flight component

In flight

pπ0  resolution: σ  ≈ 12 MeV/c
   C

ou
nt

s/
(1

0M
eV

/c
) 

IN-FLIGHT

K- 12C

opens a window

between 1416 MeV

and K-Nth
   At rest

   At rest

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% !!!



HYDROGEN contamination  →  from   Σ+ π-

NOW  

Thanks to the good  pπ−  resolution

= 1 MeV

K- p  →  Σ+ π−      detected via:   (pπ0) π−  

2005  DATA

DC wall

2012  DATA

pΣ+  (MeV/c)

●p
π−


   

(M
eV

/c
)

pΣ+   (MeV/c)

●p
π−


   

(M
eV

/c
)



K-   H  contribution ~ 20%

H atoms in the molecules mainly contribute to 
K- H  absorption in-flight, resulting in a 
non-resonant background in the Σ0 π0  

spectra

2012  DATA

2005  DATA

K-   H absorption in-flight (MC)

K-  12C absorption in-flight (MC)

K-  12C absorption at-rest (MC)

K-  12C absorption at-rest (MC)

ONLY !

K- p  →  Σ+ π−      detected via:   (pπ0) π−  

pΣ+   (MeV/c)

●p
π−


   

(M
eV

/c
)

pΣ+   (MeV/c)

●p
π−


   

(M
eV

/c
)

HYDROGEN contamination  →   from   Σ+ π-



probability of K- H capture at rest



Total BR of the K- 2NA process in 12C   

Hyperon-nucleon pairs produced in K-2NA process: Λp Λn Σ0p Σ0n Σ+n Σ-p Σ-n   

BCN calculation at 0.3 ρ
0

 (baryon density in 12C)        →      BR(K-2NA → YN ) =  (15.4 ± 2.2) %       
[J. Hrtánková and A. Ramos. Phys. Rev. C, 101(3):035204, 2020]

We measure a total K-2NA BR in 12C 

          (16.1 ± 2.9(stat.) +4.3
−5.5

 (syst.))%,

Λp  and Σ0p pairs in the final state….
….information on the remaining YN 
pairs provided by FSI e Conversion 
reactions   

[R. Del Grande, K. P., et al., 2020 Phys. Scr.95 084012]
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K-pn → Λ n      Λ p → Λ p
K-pn → Λ n     n p → n p
K-pp → Λ p    Λ N → Λ N
K-pp → Λ p     p N → p N
 
K-pn → Σ0 n     Σ0 p → Σ0 p
K-pn → Σ0 n     n p → n p
K-pp → Σ0 p     Σ0 N → Σ0 N
K-pp → Σ0 p     p N → p N

K-pn → Σ0 n     Σ0 p → Λ p
K-pp → Σ0 p     Σ0 p → Λ p
K-pp → Σ0 p     Σ0 n → Λ n
K-pn → Σ- p     Σ- p → Λ n
K-pp → Σ+ n     Σ+ n → Λ p

primary interaction secondary interaction

2NA-FSI Λp 

2NA-FSI Σ0p

2NA-Conv.

FSI and Conversion reactions contributing to the measured BRs

red = detected 
          Λp pair 

Total BR of the K- 2NA process in 12C   
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K-pp  search in K- induced reactions
FINUDA at DAΦNE:          K-

stop
 + X → Λ + p + X’              

detected particles                           

extracted parameters:

BE = (115+6
-5

 (stat.)+3
-4

 (syst.)) MeV

Γ = (67 +14
-11

(stat.)+2
-3

(syst.)) MeV/c2

only back-to-back Λp pairs (cosθΛp
 < -0.8) 

[M. Agnello et al., Phys. Rev. Lett. 94, 212303 (2005)]

Interpreted as the signal of:                               
K-pp → Λ + p

E549 at KEK:         K-
stop

 + 4He → Λ + p + X’                   
detected particles                           

Using the missing mass information, three components 
to the invariant mass spectrum are found:

● 1NA: K- single nucleon absorption
● 2NA: K- two nucleon absorption
● 2NA + conversion,   multi-nucleon,  or Bound State?

 

acceptance

[T. Suzuki et al., Mod. Phys. Lett. A23 (2008) 2520-2523.]
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MC
 

pΣ0  vs  mΣ0d

3NA   (K- ppn) + n  →  Σ0 d + n   wo  FSI
-  clean mometum mass correlation

DATA K-  12C
 

pΣ0  vs  mΣ0d



3NA   -    (K- ppn) + n  →  Σ0 d + n  signature:

 Highest Σ0 - d angular correlation   -   low Fermi momentum neutron

MC
 

cos(θΣ0d)

MC
 

pn   (MeV/c)



Involved reactions - background:
 

2NA   -    (K- pn) + d  →  Σ0 n + d
 

+
 

2 possible elastic FSI
1)  n d →  n d  we may take advantage of the well known σNN data

2)  Σ0 d/n → Σ0 d/n    well separated in the lower energy 
part of the final state phase space



2NA   
-    (K- pn) + d  →  Σ0 n + d
-  lower invariant mass

MC
 
mΣ0d   (MeV)  3NA

MC
 
mΣ0d   (MeV)  2NA



MC
 
pn   (MeV/c) 2NA

MC
 
pn   (MeV/c) 3NA

2NA   

-    (K- pn) + d  →  Σ0 n + d

-  high momentum neutrons

Detection of neutrons will be 

crucial for a clean separation 

of 3NA with respect to 2NA.



Involved reactions - background:
 

1NA   -    (K- p) + pnn  →  Σ0 π0  n  d
(K- n) + ppn  →  Σ0 π−  p  d

 
 

-  low energy (took away by the pion) not correlated  Σ0 d pairs. 
It is easy to be disentangled (similar to the Σ0 p analysis).


