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Theoretical Predictions
 Binding Energy (BE): 10-100 MeV �
Mesonic Decay (Γm): 30-110 MeV �
Non-Mesonic Decay (Γnm): 4-30 MeV �
�

Property Value

charge +1
strangeness -1

participants ppK−, pnK
0

JP 0−

Table 0.1: Overview of different predictions for the binding energy BE, mesonic- m and non-mesonic nm decay
widths of the KNN (in MeV), inspired from [Gal13, Gal10]. The symbols (♣,♡) mark different works by
the same authors.

Chiral, energy dependent

var. [DHW09, DHW08] Fad. [BO12b, BO12a] var. [BGL12] Fad. [IKS10] Fad. [RS14]

BE 17–23 26–35 16 9–16 32
m 40–70 50 41 34–46 49
nm 4–12 30

Non-chiral, static calculations

var. [YA02, AY02] Fad. [SGM07, SGMR07] Fad. [IS07, IS09] var. [WG09] var. [FIK+11]

BE 48 50–70 60–95 40–80 40
m 61 90–110 45–80 40–85 64–86
nm 12 ∼20 ∼21
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 DISTO
 M(ppK-­‐)	
  =	
  2.267	
  GeVc-­‐2	
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  MeV	
  
Г(ppK-­‐)	
  	
  	
  =	
  67	
  MeVc-­‐2	
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M. Agnello et al.  
Phys.Rev.Lett.94 (2005) 

T. Yamazaki et al.  
Phys.Rev.Lett.104,(2010) 

A.O. Tokayasu et al.  
Phys.Lett. B728, (2014) 

PTEP 2015, 021D01 Y. Ichikawa et al.

Fig. 2. (a) Inclusive missing-mass spectrum of the d(π+, K +) reaction at 1.69 GeV/c at laboratory scattering
angles from 2◦ to 14◦. (b) Missing-mass spectrum of the d(π+, K +) reaction with one proton in the mid-
dle of the RCA on each side (Seg2, 5). (c) The coincidence probability of a proton obtained by dividing the
coincidence spectrum (b) with the inclusive spectrum (a). Hatched spectra show the contamination from the
misidentification of π± in the RCA.

At this stage, the acceptance of our range counter system is not taken into account. The accep-
tance correction needs information on the decay modes of the “K − pp”-like structure. This study
was carried out by requiring coincidence of two protons in the RCAs. All possible combinations of
two segments were used in this analysis; the combination of Seg1 and 4 gives the largest yield.
In such a condition, we can measure the missing mass of X in the d(π+, K + pp)X process by
detecting two protons in the decay of the ppX system, the mass of which is MMd , in three cate-
gories: (i) "p, " → pπ−, (ii) #0 p, #0 → "γ → pπ−γ , and (iii) YπN → ppππ . The first two
modes, (i) and (ii), are non-mesonic and the X is one pion (and γ ). The last one, (iii), is mesonic
and the X is two pions. Therefore, the missing-mass spectrum of MX should show different dis-
tributions for each decay mode. Figure 3 shows such missing-mass square spectra for MX . Three
distributions estimated for each decay mode are shown in the figure by fitting the height of each
template distribution. These templates were made from the simulation, which assumes the reaction
of π+d → K +W, W → pY (p(Yπ)) with uniform productions and decays in the center-of-mass
system. The probability of each final state has been estimated from the fitting of M2

X spectra.
Thus, we can correct the missing-mass spectrum with the acceptance of the RCAs, which depends

on the decay mode. Each event is given a weight, equal to the probability of belonging to a specific
decay mode, as a function of MMd and M2

X . The RCA acceptance is almost smooth in the missing
mass except near the threshold of each decay mode. Figure 4(a) shows a missing-mass distribution for
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M(ppK-­‐)	
  =	
  2.27	
  GeVc-­‐2	
  
B(ppK-­‐)	
  	
  =	
  95	
  MeV	
  
Г(ppK-­‐)	
  	
  	
  =	
  162	
  MeVc-­‐2	
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Example: DISTO analysis 
 
Experimental data divided by Phase Space simulation 
Or a data sample divided by another  
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Exzellenzcluster Universe Λ(1405) Doorway for the DISTO energies 
X	
  claim	
  by	
  DISTO	
  for	
  p+p	
  at	
  2.85	
  GeV	
  but	
  not	
  for	
  2.5	
  GeV	
  
Reason:	
  small	
  Λ(1405)	
  cross-­‐secYon	
  at	
  2.5	
  GeV??	
  
P.	
  Kienle	
  et	
  al.,	
  Eur.	
  Phys.	
  J.	
  A	
  48,	
  183	
  (2012).	
  

�pK+⇤(1405)(2.5GeV )/�pK+⇤(1405)(2.85GeV ) = 0.23

If	
  the	
  Λ(1405)	
  argument	
  holds	
  true,	
  one	
  should	
  see	
  the	
  X	
  also	
  at	
  2.5	
  GeV	
  
Even	
  more	
  than	
  23%,	
  because	
  of	
  smaller	
  phase-­‐space!!	
  	
  

arXiv:1504.02060	
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High	
  Acceptance	
  Di-­‐electron	
  Spectrometer	
  
GSI,	
  Darmstadt	
  

The HADES experiment 

HADES Coll. (G. Agakishiev et al.), 
Eur. Phys. J. A41 (2009) 

• 	
  Fixed-­‐target	
  Setup	
  

• 	
  Full	
  azimuthal	
  coverage,	
  15˚-­‐	
  185˚	
  in	
  polar	
  angle	
  

• 	
  Momentum	
  resoluYon	
  ≈	
  1%	
  -­‐	
  5	
  %	
  

• 	
  ParYcle	
  idenYficaYon	
  via	
  dE/dx	
  &	
  ToF	
  

Total Number of exclusive Events: 21000


Beam Energy: 3.5 GeV




Exzellenzcluster Universe The HADES Data Sample 

HADES	
  data	
  
13,000	
  events	
  of	
  pK+Λ	
  
Background	
  from	
  wrong	
  PID	
  ≈6%	
  
Background	
  from	
  pK+Σ0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ≈1%	
  

WALL	
  data	
  
8000	
  events	
  of	
  pK+Λ	
  
Background	
  from	
  wrong	
  PID	
  ≈11.7%	
  
Background	
  from	
  pK+Σ0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ≈	
  	
  3%	
  

4.1 Selection of the p+K++Λ Sample

Figure 4.1: The two pictures show the differences between the two data-sets. The
four tracks of each event have been registered in different detector
parts.

WALL Data-set

The selection in the WALL data-set is similar to the HADES selection. As one par-
ticle was "missing" in the HADES detector the events were selected for three
detected particles inside HADES and one additional hit in the forward wall, il-
lustrated in Figure 4.1. While the hit in the FW was assumed to be a proton
the other three particles in HADES were still identified via PID cuts. The four-
vector of the proton in the forward wall was determined by the assumption of
a straight track from the primary vertex to the hit position in the WALL. The
absolute momentum was determined from the measured time-of-flight of the
particle and the track length.

4.1.2 Constraints for the Data Selection

To select those data out of the statistic with four pre-selected particles, which
contain exclusively reaction (4.1), one can use very basic physical constraints
like momentum and energy conservation:

pp1, + pp2, + pπ−, + pK+, = 0, (4.3)

pp1,y + pp2,y + pπ−,y + pK+,y = 0, (4.4)

pp1,z + pp2,z + pπ−,z + pK+,z = pz,Bem−p, (4.5)

Ep1 + Ep2 + Eπ− + EK+ = ECM. (4.6)

83
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4.2 Characteristics of p+K++Λ Production

Figure 4.8: Angular correlations of the three particles for the HADES data set
(black points) shown with phase space simulations of pK+Λ (blue
dots). The upper index at the angle indicates the rest frame (RF)
in which the angle is investigated. The lower index names the two
particles between which the angle is evaluated. CM stands for the
center of mass system. B and T denotes the beam and target vector,
respectively.
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4 Exclusive Event Selection and Model Description

Figure 4.9: Invariant masses of two particles for the HADES data set (black
points) shown with phase space simulations of pK+Λ (blue dots).

The invariant mass of pΛ which corresponds to the missing mass to the kaon is
again described well by the phase space as already the kinematics of the kaon
could be modeled with these simulations. Still, that matching does not mean
that phase space is an appropriate model as it does not catch the complete
kinematics which is visible in the angular distributions (Figure 4.8). Here, the
spatial correlation of the produced particles can be demonstrated. The only
observable which is described well by phase space pK+Λ production is the kaon
angle in the CM system. This means that the kaon is not exhibiting a strong
angular anisotropy in the CM system. The other eight angles do show that the
complete event kinematics is missed by the model.

This result, combined with the reports from earlier measurements [155, 156,
157, 160, 161, 162], confirms that the production of pK+Λ cannot be under-
stood as a simple phase space process. Motivated by the aim to model the
production process exactly, and also in order to see if a kaonic cluster partici-
pated in the reaction, it was decided to use a partial wave analysis tool.

4.3 A Partial Wave Analysis for p+K++Λ Production

A partial wave analysis in general tries to decompose the scattering process
into separate sub-processes according to the quantum numbers of the initial
and final state. The differential cross section of the reaction (in this case a
three particle production out of the collision of two particles) can be written
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Exzellenzcluster Universe The PWA Framework 

N*	
  

Bonn	
  Gatchina	
  PWA	
  
hqp://pwa.hiskp.uni-­‐bonn.de/	
  
A.V. Anisovich, V.V. Anisovich,  
E. Klempt, V.A. Nikonov and A.V. Sarantsev  
Eur. Phys. J. A 34, 129152 (2007) 

1 Exclusive Event Selection and Model Description

As the center of mass energy of this experiment was constant the third param-
eter α

3
which is responsible for the energy dependence of each partial wave

is not used. This means that each transition (α) from initial to final state is
described by a strength and a phase.

The part of the amplitude that describes the energy dependence of the the scat-
tering process with an intermediate state including a resonance is parametrized
as a relativistic Breit-Wigner in the following form [?]:

A
β
2b(sK+Λ) =

MK+Λ

M2 − sK+Λ − Mtot
, (1.16)

with M and tot expressing the mass and width of the intermediate resonance.
In case that particles do not come from a resonance but interact via a re-
scattering in the final state, Aβ2b(s) looks as follows:

A
β
2b(spΛ) =


β
pΛ

!

spΛ

1− 1
2
r
β
pΛq

2
β
pΛ + q

β
pΛq

2L2 /F(q, r
β
pΛ, L2)

. (1.17)


β
γγ′ describes the scattering length of two particles γ and γ′, r

β
γγ′ describes the

effective range of the two particle system and q denotes the relative momen-
tum between p and Λ. While γγ′ = pp or pΛ is included in the formalism in
general, for this special case, in which only pK+Λ events are investigated, γγ′

stands for pΛ. The F(q, r, L) is the Blatt-Weisskopf form factor. As in these cases
only a two particle subsystem is considered the quantum number of the third
particle is irrelevant. This is expressed by the multiindex β which runs over all
combinations of the two particle system (S2, L2 and J2) and is a sub-set of α.

The so far illustrated parts of the amplitude (1.16) and (1.17) describe the scat-
tering process as a function of the energy. The angular dependence of the
scattering amplitude, that is characteristic for a partial wave decomposition,
is contained in the momentum part of the spin-momentum operators [?]. It is
parametrized by Legendre polynomials that depend on the cosine of the scat-
tering angle between initial and final state particles in the CMS, see Appendix
A in Ref. [?] for details.

In this experiment, the initial state consists of two colliding protons, and the
final state is composed of the three particles pK+Λ, see Reaction (1.1). In Ap-
pendix ??, all possible quantum numbers of the initial two-proton system are
listed. For this experiment, the possibilities were limited to states with J<3. This
leaves six combinations as possible initial states: 1S0, 3P0, 3P1, 3P2, 1D2 and

20

K Λ
p +	
  

4.3 A Partial Wave Analysis for p+K++Λ Production

and 3F2. The states are characterized by the spectroscopic notation [185]:

2S+1LJ, (4.18)

where S is the total spin of the p+p system, L is the orbital momentum between
the two protons and J is the total angular momentum.

The final state interaction is manifold. As explained in Section 2.4, the final
pK+Λ state may contain several intermediate particles. The most prominent
ones are N∗+ resonances that subsequently decay into K+ and Λ, see Reaction
(2.6). The Bonn-Gatchina framework performs a global fit of the data. This
means, that specific waves contain already a certain mass distribution accord-
ing to an implemented resonance parametrization. Mass and width parameters
of the resonances are not determined by the fit but are used as external con-
straints. These constraints are provided by the PDG [8] which contains a list of
N*-resonances. Not not all of them are, however, well established. Within this
thesis no conclusion can be drawn about the precise contribution of the differ-
ent N∗+-resonances to the investigated final state and hence no cross section
of the latter will be extracted. Thus, all N*-resonances below the mass of 2100
MeV/c2 that have a measured K+Λ branching above 1% were considered as pos-
sible contribution to the K+Λ yield. Table 4.1 lists the selected N*-resonances,
their quantum numbers, masses, widths and branching ratios into K+Λ. Espe-
cially the branching in K+Λ is not well known in most of the cases.

Using this table, one can construct several allowed transitions from a p+p initial
to a N∗++p final state. One transition will be discussed here as an example. A
proton has the following quantum numbers JP = 1/2+, where J is the total spin
of the particle and P is its parity. A system of two protons can, therefore, have

Table 4.1: Selected N*-resonances with their properties [8].

Notation in PDG Old notation Mass [GeV/c2] Width [GeV/c2] ΛK/A %

N(1650) 1
2

−
N(1650)S11 1.655 0.150 3-11

N(1710) 1
2

+
N(1710)P11 1.710 0.200 5-25

N(1720) 3
2

+
N(1720)D13 1.720 0.250 1-15

N(1875) 3
2

−
N(1875)D13 1.875 0.220 4±2

N(1880) 1
2

+
N(1880)P11 1.870 0.235 2±1

N(1895) 1
2

−
N(1895)S11 1.895 0.090 18±5

N(1900) 3
2

+
N(1900)P13 1.900 0.250 0-10
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Exzellenzcluster Universe 

2.2 Test of the Null Hypothesis H0

HADES WALL

Figure 2.1: The upper figures compare the four best PWA solutions of a fit to
both data sets HADES and WALL. Shown is the invariant mass of
pΛ of the HADES data set compared to the solutions. The lower
figures contain the local p0 distributions for the four PWA solutions
compared to the measured data.

41

2 Is There a New Signal? - A Statistical Analysis

HADES WALL 

Figure 2.2: The range of p-values from the four best solutions is displayed here
as a gray band.

Figure 2.3: The figure shows the local p0 distribution for a combined analysis
of HADES and WALL data. The differences between the four best
solutions are summarized by a gray band.
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2.3 The Research Hypothesis Hμ

This usual approach has a critical drawback in case of signals with a low pro-744

duction yield. By this conventional method one may exclude signals to which745

the experiment has no sensitivity [?]. A further critical point is the fact that one746

can show that the experiment with the higher expected background can put747

stronger limits on a production yield as a background optimized experiment748

[?]. The reason for this is that the CL limit will always makes statements about749

the signal+background as it is technically not possible to separate both in most750

experiments. The new approach called CLs tries to solve these problems. Here751

the ’confidence level’ is defined as a ratio of the Hμ and H0 hypotheses. Is reads752

as follows:753

CLs =
pμ

1− p0
. (2.4)754

755

Values are rejected in a test if CLs ≤ α. Due to the additional factor the p-value756

of the hypothesis, pμ is not rejected like in Eq. ?? but is, due to the additional757

factor a bit more conservative:758

pμ ≤ α · (1− p0). (2.5)759
760

2.3.1 Implementation761

The research hypothesis contains three different transitions amplitudes by which762

a kaonic cluster could be produced:763

WeA : ′p+ p′ 1S0 → ′ppK(2250)− K ′ 1S0 (2.6)764

WeB : ′p+ p′ 3P1 → ′ppK(2250)− K ′ 1P1 (2.7)765

WeC : ′p+ p′ 1D2 → ′ppK(2250)− K ′ 1D2. (2.8)766
767

In this expression the spectroscopic notation 2S+1LS+L is used to characterize768

the initial and final state, see Appendix ??. The produced yield of the kaonic769

cluster will most likely stem from a sum of all three possible waves. For tech-770

nical purposes we tested three different conditions. One where all yield purely771

comes from wave A, one where all yield comes from Wave B and one where772

all yield comes from Wave C only. Further these three conditions were im-773

plemented in the four best background hypotheses to construct four different774

research hypotheses. This is done to respect the fact that our knowledge about775

the true N∗ cocktail in the data is limited. The tested combinations are summa-776

rized in Table ??. As precise information about the mass and width of the kaonic777

cluster are missing several mass and with combinations where tested with the778
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1.3 A Partial Wave Analysis for p+K++Λ

Qƒ n
μ1...μJ

(, S2, L2, J2, S′, L′, J) is the spin-density matrix of the final state .360

The transition amplitude is parametrized as follows:361

Aα
tr
(s) = (α

1
+ α

3

"
s)e

α
2 . (1.16)362

363

As the center of mass energy of this experiment was constant the third param-364

eter α
3
which is responsible for the energy dependence of each partial wave365

is not used. This means that each transition (α) from initial to final state is366

described by a strength and a phase.367

In this experiment, the two colliding protons are the initial state, and the final368

state is composed of the three particles pK+Λ, see Reaction (1.1). The initial369

state of the two protons is versatile in the way the two particles can react with370

each other. In Appendix B, all possible combinations of the two protons are371

listed. For this experiment, there are six states which have been selected as372

possible initial states: 1S0, 3P0, 3P1, 3P2, 1D2 and 3F2. The states are character-373

ized in the spectroscopic notation [?]. This is expressed as follows:374

2S+1LJ, (1.17)375
376

where S is the total spin of the p+p system, L is the orbital momentum between377

the two protons and J is the total angular momentum.378

The final state is manifold. As explained in Section ??, the final pK+Λ state may379

have contained several intermediate particles. The most prominent ones are380

N∗+ resonances that subsequently decay into K+ and Λ, see Reaction (??). The381

PDG [5] contains a list of N* resonances. Not all of them are well established. It382

is not the aim nor the possibility of this thesis to decide which of them deserve a383

higher rating. Thus all N* resonances below the mass of 2100 MeV/c2 that have384

a measured K+Λ branching above 1% were considered as possible candidates385

for sources of K+Λ production. Table 1.3 lists the selected N* resonances, their386

quantum numbers, masses, widths and branching ratios into K+Λ. Especially387

the branching in K+Λ is not well known in most of the cases. It is, however,388

not of importance for the current analysis, since there is no relation of the K+Λ389

channel to other N* decays.390

Using this table, one can find several allowed transitions from a p + p initial391

to a N∗++p final state. As an example, one transition will be discussed here.392

A proton has the following quantum numbers JP = 1/2+, where J is the total393

spin of the particle and P is its parity. A system of two protons can, therefore,394

have a total spin S = 0 or S = 1. If one considers the S = 0 combination and395

assumes no orbital momentum between the two particles (L = 0), the quantum396
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6.3 Comparison With Other Results

Table 6.9: The extracted cross section of the acceptance corrected histograms.
All given in [μb].

Histogram Sol. No. 6/9 Sol. No. 1/8 Sol. No. 3/8 Sol. No. 8/8

CMSΛ 36.88±0.36 37.79±0.37 36.41±0.35 35.95±0.35
CMSp 38.27±0.47 39.41±0.53 36.43±0.47 36.3±0.44
CMSK+ 38.8±0.32 39.57±0.33 37.68±0.3 36.7±0.3

GJ-Angle RF-pK 37.25±0.35 38.18±0.37 36.16±0.34 35.29±0.33
GJ-Angle RF-KΛ 38.15±0.36 39.11±0.37 37.21±0.34 36.74±0.34
GJ-Angle RF-pΛ 40.41±1.06 41.67±1.09 40.75±1.10 39.7±1.15
H-Angle RF-pΛ 37.63±0.37 38.47±0.38 36.97±0.36 36.14±0.35
H-Angle RF-pK 37.23±0.40 37.91±0.41 36.38±0.38 35.51±0.38
H-Angle RF-KΛ 37.75±0.42 38.36±0.44 37.22±0.42 36.24±0.40

IM(ΛK+) 38.72±0.35 39.57±0.36 37.83±0.34 37.01±0.33
IM(pK+) 38.25±0.34 39.27±0.35 37.52±0.33 36.59±0.32
IM(Λp) 38.07±0.38 38.83±0.40 37.35±0.36 36.41±0.36

Average 38.12±0.43 - - -

corresponding model. The model is normalized to the experimental data in the
indicated range inside the brackets. To obtain the total production cross sec-
tion each histogram was integrated. The experimental data are summed inside
of the indicated range. Outside of this range the extrapolated model value is
taken for the integration. The resulting cross section is quoted in each his-
togram. Table 6.9 summarizes the results of the integration of all the presented
histograms of Appendix G.3. The average cross section obtained with sol. No.
6/9 is written in the last row of Table 6.9. The systematic error is constructed by
the maximum deviations to this value, marked in bold. The uncertainty due to
the normalization to p+p elastic events gives an additional error of 2.67 μb. A
last error comes from the fact that the data contain a certain amount of statistic
not associated to pK+Λ production. This amount is roughly 6% as described in
Section 4.1.3. The overall total production cross section, thus, reads as:

σpK+Λ = 38.12± 0.43+3.55−2.83 ± 2.67(p+p-error)−2.9(background) μb. (6.12)

6.3 Comparison With Other Results

The extracted pK+Λ cross section of this work can be compared to the cross
sections at other beam energies. Figure 6.14 shows in both panels the pK+Λ
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5 Is There a New Signal? - A Statistical Analysis

seem astonishingly high. Unlike in many analyses where the observed yield
in a "bump" is directly connected to a production yield this can not be done
when considering interference. When two sources interfere the final yield can
not be attributed clearly to one or the other source only from observing the
interference pattern. The percentages quoted in Figures 5.8, 5.10 and 5.12
are, thus, attributed to an initial yield before interference as a final yield is not
clearly defined in this approach. Only in case of absent interference one could
observe directly a signal with 5% signal strength as compared to the total pK+Λ
production cross section.

For an upper bound on the production amplitude the most conservative case at
a mass point is the one that sets the limit. To summarize the results of Figures
5.8, 5.10 and 5.12 the highest percentage of cross section still accepted by
CLs is shown in Figure 5.13 as gray bands. One sees that the upper limit as
a function of the kaonic cluster mass is rather structure-less. While a kaonic
cluster produced via Wave A and B seems to allow a higher yield by still being
consistent with the data, a production of a kaonic cluster via Wave C is stronger
constrained to about half the production strength as compared to the two other
cases. The larger the width of the produced state the more yield is consistent
with the data.

Figure 5.13: The upper limit on the production of a KNN in the measured reaction
at a CLs limit of 95%. The limit is quoted in percentage of total pK+Λ
production cross section. The three figures show the limit for all
three transition amplitudes. This is obtained from the HADES data-
set for a simulated width of 30, 50, and 70 MeV.
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Measured total cross-section:


Upper limit of ppK-   Cross Section:


Γ 
(MeVc-2)


Cross Section (μb)


0+
 1.9 – 3.9


1-
 2.1 – 4.2

2+
 0.7 – 2.1


Production Cross Section Λ(1405)


9.2 ± 0.9 ± 0.7  +3.3 
-1.0 μb  


HADES coll. (G. Agakishiev et al.)  
Phys. Rev. C 87, 025201 (2013) 
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The	
  cross-­‐secYon	
  extracted	
  from	
  the	
  DISTO	
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  does	
  not	
  fit	
  in	
  the	
  	
  trend	
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  only	
  by	
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  with	
  PWA	
  for	
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  at	
  3.5	
  GeV)	
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  li
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  ~	
  μb	
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  to	
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  or	
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  the	
  upper	
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Example: KLOE-AMADEUS analysis 
 
Fits similar to the FINUDA analysis 
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DRAFT

yield / K−stop · 10−2 σstat · 10−2 σsyst · 10−2

2NA-QF 0.075 ± 0.012 +0.0025 -0.0031

2NA-FSI 0.16 ± 0.014 +0.0028 -0.0032

Tot 2NA 0.23 ± 0.019 +0.013 -0.004

3NA 0.19 ± 0.041 +0.015 -0.025

Tot 3body 0.35 ± 0.043 +0.011 -0.012

4NA + Uncorr. bkg. 0.43 ± 0.021 +0.021 -0.024

Table 1. Production probability of the Σ0p final state for different intermediate processes normalized to the

number of stopped K− in the DC wall. The statistical and systematic errors are shown as well.

as a more solid result with the respect to the single yields for the 3NA and 2NA + FSI. One the other
hand tests carried out by discarding the 3NA contribution shows a significant worsening of the χ2

parameters. Indeed, the best χ2 of 1.31 obtained including both components has to be compared to a
value of 1.67 for the fit without the 3NA. This slightly worsening of the χ2 is mainly due to the fact
that both momentum distributions for the Σ0 and proton cannot be reproduced. When considering the
other limiting case of excluding the 3NA contribution from the fit, a total χ2 of 1.81 results. In this
case the distributions of the cos(θΣ0 p) and of the Σ0p invariant mass cannot be described accurately
by the fit. The simple model used to account for the FSI in 2NA, that treats the rescattering of the
Σ0 and p independently from each others, can not provide quantitative information on the dynamics
of FSI. But it is clear from the distributions shown in panel a-b-c-e-f of Fig. 5 that the quasi free
2NA can be isolated with high precision. What happen to the rest of the yield must be interpreted
with the help of theoretical models. The uncorrelated emission of the Σ0 together with a proton from
the fragmentation of the residual nucleus is also not distinguishable from the 4NA process and hence
these two contributions are added up.

3 Estimation of the upper limit for the production of a ppK− bound state

Inspired by prior searches for the existence of kaonic bound states as ppK− produced in K- absorption
events, it is natural to evaluate the inclusion of the ppK− contribution in the fit. For this purpose the
contribution from a ppK− state with values of binding energy and width varying within 15-75 MeV/c2

and 30-70 MeV/c2 with intervals of 15 and 20 MeV/c2 respectively has been evaluated. The simulation
of the ppK− bound state has been carried out similarly to the 2NA simulation by exploiting a Breit-
Wigner distribution for the mass according to the sampled parameters. The resulting momentum and
energy of the emitted particles are calculated applying energy and momentum conservation. The fit
procedure is hence repeated by adding an additional component corresponding to the ppK− state and
the best fit is obtained for a ppK− candidate with a binding energy of 35 MeV/c2 and a width of 40
MeV/c2, respectively. This corresponds to a total reduced χ2 value of 1.27.

Figure 6 shows the results of the fit including all the components discussed in section 2 together
with the kaonic bound state, shown by the histogram line in all the six panels. The obtained ppK−

yield has been normalized to the number of stopped K− (see section 4). For the best fit the yield is:

Yield/K−stop = 0.027 ± 0.013stat + 0.008 − 0.004syst · 10−2 (1)

It is clear that the χ2 of both fit approaches are similarly good with a slight improve provided by
the fit including the kaonic bound state. Another way to compare the quality of the two fits is to look at

Dominant Contribution of 
Multi-nucleon absorption 
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K- + A
 p + p
M. Agnello et al.  
Phys.Rev.Lett.94 (2005) 

T. Yamazaki et al.  
Phys.Rev.Lett.104,(2010) 

PTEP 2015, 021D01 Y. Ichikawa et al.

Fig. 2. (a) Inclusive missing-mass spectrum of the d(π+, K +) reaction at 1.69 GeV/c at laboratory scattering
angles from 2◦ to 14◦. (b) Missing-mass spectrum of the d(π+, K +) reaction with one proton in the mid-
dle of the RCA on each side (Seg2, 5). (c) The coincidence probability of a proton obtained by dividing the
coincidence spectrum (b) with the inclusive spectrum (a). Hatched spectra show the contamination from the
misidentification of π± in the RCA.

At this stage, the acceptance of our range counter system is not taken into account. The accep-
tance correction needs information on the decay modes of the “K − pp”-like structure. This study
was carried out by requiring coincidence of two protons in the RCAs. All possible combinations of
two segments were used in this analysis; the combination of Seg1 and 4 gives the largest yield.
In such a condition, we can measure the missing mass of X in the d(π+, K + pp)X process by
detecting two protons in the decay of the ppX system, the mass of which is MMd , in three cate-
gories: (i) "p, " → pπ−, (ii) #0 p, #0 → "γ → pπ−γ , and (iii) YπN → ppππ . The first two
modes, (i) and (ii), are non-mesonic and the X is one pion (and γ ). The last one, (iii), is mesonic
and the X is two pions. Therefore, the missing-mass spectrum of MX should show different dis-
tributions for each decay mode. Figure 3 shows such missing-mass square spectra for MX . Three
distributions estimated for each decay mode are shown in the figure by fitting the height of each
template distribution. These templates were made from the simulation, which assumes the reaction
of π+d → K +W, W → pY (p(Yπ)) with uniform productions and decays in the center-of-mass
system. The probability of each final state has been estimated from the fitting of M2

X spectra.
Thus, we can correct the missing-mass spectrum with the acceptance of the RCAs, which depends

on the decay mode. Each event is given a weight, equal to the probability of belonging to a specific
decay mode, as a function of MMd and M2

X . The RCA acceptance is almost smooth in the missing
mass except near the threshold of each decay mode. Figure 4(a) shows a missing-mass distribution for
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2.2 Test of the Null Hypothesis H0

HADES WALL

Figure 2.1: The upper figures compare the four best PWA solutions of a fit to
both data sets HADES and WALL. Shown is the invariant mass of
pΛ of the HADES data set compared to the solutions. The lower
figures contain the local p0 distributions for the four PWA solutions
compared to the measured data.
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Figure 2.2: The range of p-values from the four best solutions is displayed here
as a gray band.

Figure 2.3: The figure shows the local p0 distribution for a combined analysis
of HADES and WALL data. The differences between the four best
solutions are summarized by a gray band.
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