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Property Value

charge +1
strangeness -1

participants ppK−, pnK
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1 Introduction

Table 1.3: The resulting wave function Ψ for the different particle combinations of
the two nucleons and one anti-kaon.

NN = 1 NN = 0

Anti-Kaon nn pp pn pn

K− ΨC ΨA ΨA ΨB

K̄0 ΨA ΨC ΨA ΨB

[45, 87, 89] and calculated in [74, 75, 95]. In these recent works it was con-
cluded that the state ΨA overlaps with ΨB as they have binding energies of
16 and 8-9 MeV, respectively, but large widths of 40 and 30 MeV, which will
make a distinction in a mass spectrum impossible [74]. In [95] the existence
of this state is put at doubt, however, as it appears only as bound for one of
their tested KN interaction potentials which, at the same time, produces the
measured data only roughly.

While the properties of ΨA and ΨB are calculated, the configuration with total
isospin 3/2 (ΨC) is only mentioned in [87, 89, 45].

1.6.5 Decay Modes and Width

The idea behind the existence of measurable anti-kaonic nuclear clusters is
that with a deep binding energy some of the possible decay channels may be
closed completely or have such a reduced phase space that the quasi-bound
states could be considerably narrow. Such a possibility of deeply bound kaonic
cluster was first mentioned in [53, 66], with a discussion of its decay patterns.
The possible decay modes of the three-body systems KNN (ΨA, ΨB, ΨC) are the
following:

KNN

+N+ π (1.12)

Λ+N+ π (1.13)

+N (1.14)

Λ+N (1.15)

The decay of the nuclear bound state proceeds via internal capture or scattering
processes.

One decaymode proceeds via one- or two-nucleon absorption of the kaon which
is discussed, for example, in Ref. [85]. One-nucleon absorption leads to the

20

Table 0.1: Selected N*-resonances with their properties [?].

Property Value
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Table 0.1: Selected N*-resonances with their properties [?].
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charge +1
strangeness -1

participants ppK−, pnK
0
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3
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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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1 Introduction

Figure 1.16: Figures from [109]. Left panel: Invariant mass of proton and pion
with an enhancement around the Λ mass of ≈ 1116 MeV/c2 . The
dashed lines indicate the selected range of statistic that was com-
bined with a second proton and plotted in the right panel. The right
panel shows the fitted distribution with a signal assumption.

the signals of KNN and KNNN were searched for in p̄+4He annihilations at rest:

p̄+ 4He→ p+ π− + p+ π+ + π− + X, (1.20)

X = n, (1.21)

X = n+ K0. (1.22)

When combining the p and π− from these 5-prong events, the resulting spec-
trum showed some indication for Λ-hyperons, however, with a large background
underneath the signal (left panel of Figure 1.16). As no mass resolution of the
Λs was extracted, the hyperons were selected in a mass window of ±30 MeV/c2

around the nominal Λ mass and then combined with the second proton. The
result is shown in the right panel of Figure 1.16. The spectrum shows an en-
hancement at 2212.2±4.9 MeV/c2 with a width of  < 24.4±8 MeV/c2. The com-
parison of the yield in the Λ peak and the 67±22 events associated to a new
state X shows that a large fraction of Λ’s stem from the X system which is quite
astonishing. The overall frequency of X production in (p̄+4He) was estimated
to be 0.015%. The results were presented as indications for the production of a

26

p+4He	
  

T. Yamazaki et al. Phys. Rev. Lett. 104,(2010) 
M. Maggiora et al. Nucl. Phys. A 835 (2010) 

G. Bendiscioli et al. Nucl. Phys., A 789 (2007)  
G. Bendiscioli et al. Eur.Phys.J., A 40 (2009)  
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Figure 1.16: Figures from [109]. Left panel: Invariant mass of proton and pion
with an enhancement around the Λ mass of ≈ 1116 MeV/c2 . The
dashed lines indicate the selected range of statistic that was com-
bined with a second proton and plotted in the right panel. The right
panel shows the fitted distribution with a signal assumption.

the signals of KNN and KNNN were searched for in p̄+4He annihilations at rest:

p̄+ 4He→ p+ π− + p+ π+ + π− + X, (1.20)

X = n, (1.21)

X = n+ K0. (1.22)

When combining the p and π− from these 5-prong events, the resulting spec-
trum showed some indication for Λ-hyperons, however, with a large background
underneath the signal (left panel of Figure 1.16). As no mass resolution of the
Λs was extracted, the hyperons were selected in a mass window of ±30 MeV/c2

around the nominal Λ mass and then combined with the second proton. The
result is shown in the right panel of Figure 1.16. The spectrum shows an en-
hancement at 2212.2±4.9 MeV/c2 with a width of  < 24.4±8 MeV/c2. The com-
parison of the yield in the Λ peak and the 67±22 events associated to a new
state X shows that a large fraction of Λ’s stem from the X system which is quite
astonishing. The overall frequency of X production in (p̄+4He) was estimated
to be 0.015%. The results were presented as indications for the production of a
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Figure 1: (color online)(a): Differential cross section of d(γ, K+π−)X,
dσ/d cos θlabK+/d coslab

π−
. Here, bin width is 20 MeV/c2. The error bars

shows the statistical error, and the red boxes show the systematic error.
The discrepancy between the two datasets is shown as the hatched
histogram.

state were searched for with the the Log-likelihood ra-
tio method. In this method, the MMd(K+π−) spec-
trum was fitted under two hypotheses : background
processes only, and background processes and signal
process. The yield of each background process was
considered as a free parameter for the fitting. The
Log-likelihood value was obtained by fitting the sig-
nal and background spectra to the experimental data
where the yield of the signal was increased from 0
to a certain value. Then the improvements of Log-
likelihood from background only hypothesis (−2∆ ln L)
were tested in the search region. It is worthwhile to note
that the raw spectrum was used for the fitting because
acceptance-corrected spectrum has considerable sys-
tematic uncertainties and deteriorates the quality of the
fitting. Four processes were used for the background:
γn → ΛK+π−, γp → Σ+K+π−, γn → ΛK+π−π0 and
γp → Σ(1385)+K+π−. The shapes of the spectra were
generated with the GEANT-based Monte Carlo simula-
tion, where the Paris-potential model was used to de-
scribe the momentum distribution of the nucleons in-
side the deuteron [19]. In addition, a constant offset was
adopted in order to consider the contribution of remain-
ing processes such as hyperon decay. Figure 2 shows
the fit result with only background processes. χ2/ndf
of the fit result is 3.5 in the range from 2.05 GeV/c2 to
2.6 GeV/c2, and approximately 1 in the range from 2.22
GeV/c2 to 2.36 GeV/c2. The tests were performed for
signals with Γ = 20, 60 and 100 MeV, and 15 B.E. val-
ues ranging from 10 to 150 MeV. The signal shape was
assumed to be a Breit Wigner distribution with the fixed
B.E. and Γ , and was generated with the GEANT-based
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Figure 2: (color online) The spectrum fit result for the determination
of the upper limit of cross section. The color and style of line for each
corresponding process are shown in the figure.

Monte Carlo simulation. As a result of tests, significant
improvements of Log-likelihood were not observed un-
der any condition in the search region.

In order to quantify the search results, the upper limits
of the differential cross section were determined. The
signal yield which gave −2∆ ln L = 3.84 was used to
give the upper limit of the yield at the 95% confidence
level. In Fig.3, −2∆ ln L values are shown as a function
of the signal yield for B.E.=100 MeV and Γ =60 MeV
as a typical example. The crossing point at −2∆ ln L =
3.84 is indicated by an arrow.

Yield of Signal
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Figure 3: (color online) Typical −2∆lnL as a function of the sig-
nal yield. The B.E. and Γ is assumed to be 100 MeV and 60 MeV,
respectively.

Thus, the upper limits of the yield were determined
for signals with Γ = 20, 60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The obtained yields
were converted to the differential cross section by divid-
ing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance was deter-

4

γ+d	
  àX	
  +	
  K++π	
  	
  

mined with the GEANT-based Monte Carlo simulation
under the assumption that d(γ,K+π−)K−pp reaction oc-
curs isotropically in the center-of-mass system. Figure
4 shows the upper limits of the differential cross section
of K−pp bound state production for various Γ values as
a function of the assumed signal peak mass.
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Figure 4: The upper limit of the differential cross section of K−pp
bound state production as a function of assumed signal peak mass.
The solid, broken and dotted lines are the results of Γ =20 MeV, 60
MeV, and 100 MeV, respectively.

The upper limits of the differential cross section of
K−pp bound state production were determined to be
(0.07 − 0.2), (0.1 − 0.6), (0.2 − 0.7) µb for Γ =
20, 60, 100 MeV, respectively at the 95% confidence
level. These values correspond to 0.5%− 5% of the dif-
ferential cross section of the typical hadron production
processes such as γn → K+π−Λ or γp/n → K+π−Σ+/0.
We can compare the obtained results to those of the
KEK-PS E471/E549 group. They concluded that the
formation probabilities of the four-body kaonic nuclei
are less than a few percent per stopped kaon. Since K−
absorbed in nuclei form hyperons, their results equiv-
alently state that the formation probabilities of kaonic
nuclei are less than a few percent of the typical hyperon
production cross section. The obtained search results
are comparable with the KEK-PS E471/E549 results al-
though the Kaonic nuclei production mechanisms are
expected to be different between the two reactions.

Though bump structures were not observed, there
were several thousand events in the search region.
In order to investigate the background precisely, the
MMp(K+π−) spectrum and MMp(K+) spectrum were
fitted simultaneously. The subscript p means that the
missing mass was calculated assuming a proton at rest
as the target. The processes considered for the fitting

Table 1: Quasi-Free processes

proton target neutron target
γ + p→ Λ K+ γ + n→ Σ− K+
γ + p→ Σ0 K+ γ + n→ Λ K+ π−
γ + p→ Λ(1405) K+ γ + n→ Σ(1385)− K+
γ + p→ Σ(1385)0 K+ γ + n→ Σ(1660)− K+
γ + p→ Σ+ K+ π− γ + n→ Λ π0 K+ π−
γ + p→ Λ(1520) K+
γ + p→ Σ0 π+ K+ π−

are listed in Tab.1. The contribution of K∗0 production is
negligibly small under the selected kinematic conditions
and was ignored. PDG values were used for the mean,
width, and branching ratio of the hyperon resonances
[20], and all the processes were generated isotropically
in the center of mass system. The mass and width of
Σ(1660) were assumed to be 1.66 GeV/c2 and 0.1 GeV,
respectively, and the branching ratios of the Λπ− and
Σπ− decay modes were considered as free parameters.
The fit result is shown in Fig.5. The experimental data
is shown as points with the error bars, and the fit re-
sults are shown as a red histogram. The total χ2/ndf
is 1.3. The fit result indicates that the main contribu-
tion to the MMd(K+π−) spectrum in the search region
comes from the γp → K+Λ(1520) process. Its fraction
of the observed yield is approximately 20%. The non-
resonant Λ/ΣπK+π− production also contributes about
20% to the signal region. The upper limit of produc-
tion probability of K−pp bound state was determined
to be less than 5% of typical hadron processes, and it
was found to be difficult to separated the K−pp bound
state signal from the background processes in the inclu-
sive measurement. For the further study, it is necessary
to detect the decay products of K−pp bound state us-
ing counters surrounding the target. K−pp bound state
is expected to have non-mesonic decay modes such as
K−pp → Λp or K−pp → ΣN, and detecting the proton
or Λ which has large transverse momentum is essential
to increase the signal to noise ratio.

The production cross section of K−pp bound state is
assumed to be dependent on the kinematic condition,
especially momentum transfer of residual system. Al-
though the production mechanism of K−pp bound state
is poorly understood, if K−pp bound state was produced
via the sticking process of virtual K− or intermediate
resonance states, the kinematic condition of small mo-
mentum transfer is efficient to enlarge the production
cross section. Thus, except for the search under the cut
condition described above, a search for a bump structure

5
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Phys.Lett. B728 616-621(2014) 
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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)
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4 Exclusive Event Selection and Model Description

Figure 4.10: Invariant masses of two particles for the HADES data set (black
points) shown with the best PWA solution (blue dots) fitted to
these data.

Figure 4.11: Invariant masses of two particles for the WALL data set (black
points) shown with the best PWA solution (blue dots), obtained
by a fit to the HADES data only.

solution, obtained only from the HADES events, was compared to the events in
the WALL data sample. Figures 4.11 and 4.13 point out that the experimental
data inside of the WALL acceptance (black data) can be described to a large
extent by the PWA solution (blue points). Because the solution is not biased by
the WALL data-set, this is a proof of a certain predictive power of the solution for
detector-blind regions. Since the HADES data-set contains no particles emitted
in the very forward direction (0.33◦ to 7.17◦), and the WALL does, these two
data-set can not be seen as sub-sets of one-another but are independent. This
is an important quality check for the PWA code.

100

4 Exclusive Event Selection and Model Description

Table 4.3: Different versions of N* combinations in the PWA input.

No. Combination

0 N(1650), N(1710), N(1720)
1 N(1650), N(1710), N(1720), N(1900)
2 N(1650), N(1710), N(1720), N(1895)
3 N(1650), N(1710), N(1720), N(1880)
4 N(1650), N(1710), N(1720), N(1875)
5 N(1650), N(1710), N(1720), N(1900), N(1880)
6 N(1650), N(1710), N(1720), N(1900), N(1895)
7 N(1650), N(1710), N(1720), N(1900), N(1875)
8 N(1650), N(1710), N(1720), N(1895), N(1880)
9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4.4: Different sets of non-resonant waves in the PWA input.

No. Combination

0 no non-resonant waves
1 (pL)(1S0)− K
2 previous wave + (pL)(3S1)− K
3 previous waves + (pL)(1P1)− K
4 previous waves + (pL)(3P0)− K
5 previous waves + (pL)(3P1)− K
6 previous waves + (pL)(3P2)− K
7 previous waves + (pL)(1D2)− K
8 previous waves + (pL)(3D1)− K
9 previous waves + (pL)(3D2)− K

best. For each N* combination the solution with the best loglikelihood was de-
termined. This value depends only on the number of non-resonant waves that
have been included. Table 4.5 shows the loglikelihood value for each N* com-
bination. The four best results are marked in bold. Table 4.6 summarizes the
four best solutions and their further naming scheme. The overall best agree-
ment with the data is obtained with a solution that contains N(1650), N(1710),
N(1720), N(1900) and N(1895) as well as nine non-resonant waves of pK+Λ. The
superposition of the four best solutions in comparison to the data is illustrated
by a gray band in Figures 4.16 and 4.17. The width of the band represents the
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4 Exclusive Event Selection and Model Description

Figure 4.10: Invariant masses of two particles for the HADES data set (black
points) shown with the best PWA solution (blue dots) fitted to
these data.

Figure 4.11: Invariant masses of two particles for the WALL data set (black
points) shown with the best PWA solution (blue dots), obtained
by a fit to the HADES data only.

solution, obtained only from the HADES events, was compared to the events in
the WALL data sample. Figures 4.11 and 4.13 point out that the experimental
data inside of the WALL acceptance (black data) can be described to a large
extent by the PWA solution (blue points). Because the solution is not biased by
the WALL data-set, this is a proof of a certain predictive power of the solution for
detector-blind regions. Since the HADES data-set contains no particles emitted
in the very forward direction (0.33◦ to 7.17◦), and the WALL does, these two
data-set can not be seen as sub-sets of one-another but are independent. This
is an important quality check for the PWA code.
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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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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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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

45

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

17

Scanned	
  masses:	
  
2220	
  –	
  2370	
  MeV/c2	
  (in	
  steps	
  of	
  10	
  MeV/c2)	
  
Scanned	
  widths:	
  
30	
  MeV,	
  50	
  MeV,	
  and	
  70	
  MeV	
  	
  
	
  
	
  
	
  



29	
  !	
  E.	
  Epple	
   MESON	
  2014	
  -­‐	
  Kraków	
  

Upper	
  Limit	
  
2.3 The Research Hypothesis Hμ

Figure 2.9: The upper accepted percentage of total cross section at a CLs limit
of 95%. The three figures show the limit for all three transition am-
plitudes. The different colors represent the upper limit for the four
best solutions. This is obtained from the HADES dataset for a simu-
lated width of 50MeV/c2.

Figure 2.10: The upper accepted percentage of total cross section at a CLs limit
of 95%. The three figures show the limit for all three transition
amplitudes. The different colors represent the upper limit for the
four best solutions. This is obtained from the HADES dataset for a
simulated width of 30MeV/c2.
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plitudes. The different colors represent the upper limit for the four
best solutions. This is obtained from the HADES dataset for a simu-
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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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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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Summary	
  and	
  Outlook	
  
First	
  PWA	
  of	
  pK+Λ	
  produc2on	
  with	
  Bonn-­‐Gatchina-­‐PWA	
  	
  
First	
  coherent	
  descrip2on	
  of	
  a	
  “ppK-­‐”	
  produc2on	
  
	
  
The	
  PWA	
  fit	
  yields	
  an	
  excellent	
  descrip2on	
  of	
  the	
  data	
  
à	
  no	
  new	
  signal	
  needed	
  
	
  
The	
  Upper	
  limit	
  for	
  a	
  broad	
  KNN	
  is	
  in	
  the	
  order	
  
of	
  <12%	
  (Γ	
  =	
  70MeV)	
  of	
  the	
  total	
  pK+Λ	
  cross	
  sec2on	
  ≈	
  4μb	
  

Outlook:	
  
More	
  experimental	
  data	
  at	
  J-­‐Parc,	
  KLOE,	
  LEPS	
  and	
  BELLEII	
  coming	
  up	
  
A	
  combined	
  PWA	
  of	
  several	
  pK+Λ	
  data	
  is	
  currently	
  prepared	
  
(different	
  energies,	
  Experiments,	
  polariza2on)	
  	
  
DFG Proposal: "Partialwellenanalyse von  Ereignissen in Proton-Proton  
Reaktionen für Energien zwischen 1.9 und 3.5 GeV.” FA 898/2-1  
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here are summarized in table 6.2. From measurements of the COSY-TOF collaboration [11] it is
known that none of the three particles in the final state is produced with an isotropic distribution
of the polar angle in the CM frame. An angular distribution was included in the simulation of
both the N*-resonances and the pK+Λ direct production by weighting the events according to
the θΛ polar angle for the Λ particle in the center of mass frame with the COSY-TOF measured
distribution. The simulated channels were fitted to the experimental distributions. The best
fit was determined by a χ2 minimization of the scaled sum to the measured data. Hereby all
distribution in fig. 6.10 were fitted simultaneously. The experimental data could be reproduced
assuming a contribution by the N*(1720), N*(1900) and direct pK+Λ production of 41.5%, 57%
and 1.5% respectively. The contribution of the N*(1650)+ and N*(2190)+ was found to be of
0% for both. A total χ2 value of 3.18 was obtained.

N* Mass [MeV/c2] 1650 1720 1900 2190
N* width [MeV/c2] 165 200 180 500

PDG evidence *** ** *

Table 6.2: Masses and width used for N*-resonances. Extracted from PDG particle data. [10]

Figure 6.10: a) IMK+Λ, b) IMpΛ,c) MMK+ and d) MMΛ fitted with the sum of the four N*+-
resonances from table 6.2 and the simulation of a direct pK+Λ production.
Master Thesis A. Solaguren-Beascoa Negre  
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A	
  -­‐	
  reac(on	
  amplitude	
  
k	
  –	
  3-­‐momentum	
  of	
  the	
  ini(al	
  par(cle	
  in	
  the	
  CM	
  
s	
  –	
  P2=(k1+k2)2	
  
dΦ3(P,q1,q2,q3)	
  –	
  invariant	
  three-­‐par(cles	
  phase	
  space	
  	
  

S,L,J	
  	
  	
  	
  	
  –	
  spin,	
  orbital	
  mom.	
  and	
  total	
  angular	
  momentum	
  of	
  the	
  pp	
  system	
  
S2,L2,J2	
  –	
  spin,	
  orbital	
  mom.	
  and	
  total	
  angular	
  momentum	
  of	
  the	
  two	
  par(cle	
  system	
  in	
  fin.	
  state	
  
S’,L’	
  	
  	
  	
  	
  	
  –	
  spin,	
  orbital	
  mom.	
  between	
  the	
  two	
  par(cle	
  system	
  and	
  the	
  third	
  par(cle	
  with	
  four	
  mom.	
  qi	
  
mul(index	
  α	
  	
  	
  –	
  possible	
  combina(ons	
  of	
  the	
  S,	
  L,J,	
  S2,	
  L2,	
  J2,	
  S’,	
  L’	
  and	
  i	
  
Atr

α	
  (s)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  transi(on	
  Amplitude	
  
A2b

α	
  (i,S2,L2,J2)	
  –	
  rescaPering	
  process	
  in	
  he	
  final	
  two-­‐par(cle	
  channel	
  (e.g.	
  produc(on	
  of	
  Δ)	
  
	
  

Cross	
  SecSon	
  for	
  the	
  producSon	
  of	
  three	
  parScles	
  out	
  of	
  a	
  collision	
  of	
  two	
  parScle	
  

The	
  decomposiSon	
  of	
  the	
  scaUering	
  amplitude	
  into	
  parSal	
  waves	
  can	
  be	
  wriUen	
  as	
  follows:	
  

hPp://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) 
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This	
  is	
  a	
  log-­‐likelihood	
  minimiza2on	
  on	
  an	
  event-­‐by-­‐event	
  base	
  

The	
  transiSon	
  Amplitude	
  is	
  parameterized	
  as	
  follows	
  

N*	
  Resonances	
  in	
  the	
  PDG	
  with	
  measured	
  decay	
  into	
  K+Λ	
  

And	
  the	
  produc2on	
  of	
  pK+Λ	
  via	
  non	
  resonant	
  waves	
  	
  

What	
  we	
  included	
  to	
  model	
  the	
  PK+Λ	
  process:	
  

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

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 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 PDG
[8] contains a list of N*-resonances but not all of them are well established.
Within this thesis no conclusion can be drawn about the precise contribution
of the different 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 possible 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. Especially the branching in K+Λ is not well known in most of the
cases.

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

Using this table, one can construct several allowed transitions from a p+p initial
to a N∗++p final state. As an example, one transition will be discussed here.
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 a total spin S = 0 or S = 1. If one considers the S = 0 combination and
assumes no orbital momentum between the two particles (L = 0), the quantum
numbers of the system are JP = 0+. This state can also be characterized in
the spectroscopic notation (Equation (4.18)). Then, in this example, the p + p
combination is in the state 1S0.

If one considers, further, a final state of an N∗(1650) with the quantum num-
bers JP = 1/2− produced together with a proton, one has to build all possible
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Table 4.3: Different versions of N* combinations in the PWA input.

No. Combination

0 N(1650), N(1710), N(1720)
1 N(1650), N(1710), N(1720), N(1900)
2 N(1650), N(1710), N(1720), N(1895)
3 N(1650), N(1710), N(1720), N(1880)
4 N(1650), N(1710), N(1720), N(1875)
5 N(1650), N(1710), N(1720), N(1900), N(1880)
6 N(1650), N(1710), N(1720), N(1900), N(1895)
7 N(1650), N(1710), N(1720), N(1900), N(1875)
8 N(1650), N(1710), N(1720), N(1895), N(1880)
9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4.4: Different sets of non-resonant waves in the PWA input.

No. Combination

0 no non-resonant waves
1 (pL)(1S0)− K
2 previous wave + (pL)(3S1)− K
3 previous waves + (pL)(1P1)− K
4 previous waves + (pL)(3P0)− K
5 previous waves + (pL)(3P1)− K
6 previous waves + (pL)(3P2)− K
7 previous waves + (pL)(1D2)− K
8 previous waves + (pL)(3D1)− K
9 previous waves + (pL)(3D2)− K

best. For each N* combination the solution with the best loglikelihood was de-
termined. This value depends only on the number of non-resonant waves that
have been included. Table 4.5 shows the loglikelihood value for each N* com-
bination. The four best results are marked in bold. Table 4.6 summarizes the
four best solutions and their further naming scheme. The overall best agree-
ment with the data is obtained with a solution that contains N(1650), N(1710),
N(1720), N(1900) and N(1895) as well as nine non-resonant waves of pK+Λ. The
superposition of the four best solutions in comparison to the data is illustrated
by a gray band in Figures 4.16 and 4.17. The width of the band represents the

106

4 Exclusive Event Selection and Model Description

Table 4.3: Different versions of N* combinations in the PWA input.

No. Combination

0 N(1650), N(1710), N(1720)
1 N(1650), N(1710), N(1720), N(1900)
2 N(1650), N(1710), N(1720), N(1895)
3 N(1650), N(1710), N(1720), N(1880)
4 N(1650), N(1710), N(1720), N(1875)
5 N(1650), N(1710), N(1720), N(1900), N(1880)
6 N(1650), N(1710), N(1720), N(1900), N(1895)
7 N(1650), N(1710), N(1720), N(1900), N(1875)
8 N(1650), N(1710), N(1720), N(1895), N(1880)
9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4.4: Different sets of non-resonant waves in the PWA input.

No. Combination

0 no non-resonant waves
1 (pL)(1S0)− K
2 previous wave + (pL)(3S1)− K
3 previous waves + (pL)(1P1)− K
4 previous waves + (pL)(3P0)− K
5 previous waves + (pL)(3P1)− K
6 previous waves + (pL)(3P2)− K
7 previous waves + (pL)(1D2)− K
8 previous waves + (pL)(3D1)− K
9 previous waves + (pL)(3D2)− K

best. For each N* combination the solution with the best loglikelihood was de-
termined. This value depends only on the number of non-resonant waves that
have been included. Table 4.5 shows the loglikelihood value for each N* com-
bination. The four best results are marked in bold. Table 4.6 summarizes the
four best solutions and their further naming scheme. The overall best agree-
ment with the data is obtained with a solution that contains N(1650), N(1710),
N(1720), N(1900) and N(1895) as well as nine non-resonant waves of pK+Λ. The
superposition of the four best solutions in comparison to the data is illustrated
by a gray band in Figures 4.16 and 4.17. The width of the band represents the

106

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

Table 4.5: Best solutions for each N* combination in the PWA.

No. of N* combination No. of non-res. waves Log-likelih.

0 7 -2415.74
1 8 -2708.49
2 8 -2524.59
3 8 -2712.49
4 4 -2671.05
5 8 -2310.4
6 9 -2754.37
7 8 -2657.77
8 8 -2734.97
9 6 -2698.86

10 4 -2642.58

Table 4.6: Naming scheme for the four best solutions.

Name N* combination No. of non-res. waves Loglikelih.

1/8 N(1650), N(1710), 8 -2708.49
N(1720), N(1900)

3/8 N(1650), N(1710), 8 -2712.49
N(1720), N(1880)

6/9 N(1650), N(1710), 9 -2754.37
N(1720), N(1900), N(1895)

8/8 N(1650), N(1710), N(1720), 8 -2734.97
N(1895), N(1880)

scatter of the different solutions. The iterative permutation of included waves
in the PWA fit procedure shows that even if the exact composition of partici-
pating partial waves to the process p + p → p + K+ + Λ can not be determined
unambiguously, the quality of data description is yet comparable and does not
induce a large systematic uncertainty in the predicted shape of the pΛ invari-
ant mass distribution. This result is important as it allows a stable prediction for
the pΛ invariant mass distribution without the inclusion of a signal of a possible
kaonic cluster production. The gray bands in Figures 4.16 and 4.17 are, thus,
the null hypothesis (no signal) for a further statistical significance test.
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2 Data Selection and Model Description

Figure 2.18: Two-particle masses for the HADES data set (black points) shown
with the four best PWA solutions (gray band), obtained by a fit
to the HADES and WALL data.

Figure 2.19: Two-particle masses for the WALL data set (black points) shown

with the four best PWA solutions (gray band), obtained by a fit

to the HADES and WALL data.
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Figure 2.21: Angular correlations of the three particles for the WALL data set
(black points) shown with the four best PWA solutions (gray

band), obtained by a fit to the HADES and WALL data.

38



45	
  !	
  E.	
  Epple	
   MESON	
  2014	
  -­‐	
  Kraków	
  

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

Figure 4.14: Invariant masses of two particles for the three particles for the se-
lected HADES data set (black points) shown with the best PWA
solution (blue dots), obtained by a fit to the HADES data, excluding
a MpΛ mass range of 2200-2300 MeV/c2 (upper row) and excluding a
MpΛ mass range of 2300-2400 MeV/c2 (lower row).

KNN contaminated events changes the prediction of the fit.

The results of these fits to the selected events are presented in Figure 4.14.
The PWA fits also well to the selected data sample. These two solutions, ob-
tained from the selected samples, can be drawn in the complete mass range as
well. This way one can determine how much the fit changes its prediction for
a certain mass range when the events within this range are excluded. Figure
4.15 shows the MpΛ for the three different solutions for the HADES and WALL
data sets. Specifically the upper right panel reveals that the inclusion of mass
ranges that could contain a small amount of signal seems not to bias the fit. For
the WALL data set more differences between the three cases are visible. This is,
however, not surprising as non of the WALL data were used for this test and the
lower panels reveal, thus, the changes in the extrapolations to this phase space
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Figure 4.15: Invariant Mass of pΛ for the HADES data set (upper panels) and
WALL data set (lower panels) (both black points), presented to-
gether with the best PWA solution (blue dots), fitted to the HADES
statistic only. Compared to these results are the two cross checks,
where once events were rejected from the fit with a mass range of
2200-2300 MeV/c2 (violet points) and once within a mass range of
2300-2400 MeV/c2 (green points). The left panels show the full mass
range and the right panels show a zoom into the excluded mass re-
gions.
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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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2 Is There a New Signal? - A Statistical Analysis
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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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2.3 The Research Hypothesis Hμ

Figure 2.6: The pμ-value of the HADES dataset as a function of the ampli-
tude of the kaonic cluster wave. The example shows the test with
M=2370MeV/c2, =50MeV/c2.

points which are rejected by the test. The exact value at which the transition871

from accepted to rejected happens lies somewhere between these two limits.872

Some of the solutions where sampled in a second iteration where in the second873

round the amplitudes between the points of transition were sampled in smaller874

steps. Due to time reasons this was not done for all solutions. Most important875

was the sampling of the solutions which gave the largest compatible amplitude.876

877

The Bonn-Gatchina frameworks allows not only to extract the amplitude at878

which the CLs criteria is no longer fulfilled but it can translate the amplitude879

of a process into the percentage of the final state cross section. The resulting880

numbers might seem astonishingly high as they expresses a yield one would881

observe if there were no interference. In this sense it is the cross section of882

initially produced kaonic clusters.883

For an upper bound the most conservative case at a mass point is the one884

that sets the limit. To summarize the results of Figures ?? and ?? the highest885

percentage of cross section still accepted by CLs is shown in Figure ?? as grey886

bands. One sees that the upper limit as a function of the kaonic cluster mass887

seems to be rather structure less. While a kaonic cluster produced via Wave A888

and B seems to allow a higher yield by still beeing consistent with the data, a889

production of a kaonic cluster via Wave C is stronger constraint of about half890

the production strength as compared to the other two cases. The larger the891

width of the produced state the more yield is consistent with the data. Improve892

the pictures! And add the pictures for width Gamma=30! What about 70??893
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3.3 The Research Hypothesis Hμ

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

duction yield. By this conventional method one may exclude signals to which
the experiment has no sensitivity [21]. A further critical point is the fact that
one can show that the experiment with the higher expected background can
put stronger limits on a production yield as a background optimized experiment
[25]. The reason for this is that the CL limit will always makes statements about
the signal+background as it is technically not possible to separate both in most
experiments. The new approach called CLs tries to solve these problems. Here
the ’confidence level’ is defined as a ratio of the Hμ and H0 hypotheses. Is reads
as follows:

CLs =
pμ

1− p0
. (3.4)

Values are rejected in a test if CLs ≤ α. Due to the additional factor the p-value
of the hypothesis, pμ is not rejected like in Eq. 3.3 but is, due to the additional
factor a bit more conservative:

pμ ≤ α · (1− p0). (3.5)

3.3.1 Implementation

The research hypothesis contains three different transitions amplitudes by which
a kaonic cluster could be produced:

WeA : ′p+ p′ 1S0 → ′ppK(2250)− K ′ 1S0 (3.6)

WeB : ′p+ p′ 3P1 → ′ppK(2250)− K ′ 1P1 (3.7)

WeC : ′p+ p′ 1D2 → ′ppK(2250)− K ′ 1D2. (3.8)

In this expression the spectroscopic notation 2S+1LS+L is used to characterize
the initial and final state, see Appendix ??. The produced yield of the kaonic
cluster will most likely stem from a sum of all three possible waves. For tech-
nical purposes we tested three different conditions. One where all yield purely
comes from wave A, one where all yield comes from Wave B and one where

all yield comes from Wave C only. Further these three conditions were im-
plemented in the four best background hypotheses to construct four different

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

the true N∗ cocktail in the data is limited. The tested combinations are sum-
marized in Table 3.1. As precise information about the mass and width of the
kaonic cluster are missing several mass and with combinations where tested
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Dalitz	
  Plots	
  6.2 Acceptance and Efficiency Correction

Figure 6.12: The two columns show two dalitz plots. Once for the measured data
(Exp Acc), once for the data which were corrected for the losses of
efficiency (Exp 4π), and once for the PWA model No. 6/9 in 4π (Sim
4π).
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Figure 0.3: Dalitz
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6.2 Acceptance and Efficiency Correction

Figure 6.12: The two columns show two dalitz plots. Once for the measured data
(Exp Acc), once for the data which were corrected for the losses of
efficiency (Exp 4π), and once for the PWA model No. 6/9 in 4π (Sim
4π).
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6.2 Acceptance and Efficiency Correction

re
c.

 y
ie

ld
 / 

4π

re
c.

 y
ie

ld
 / 

4π

re
c.

 y
ie

ld
 / 

4π

Figure 6.8: Acceptance functions of the two-particle masses for the four best PWA
solutions of the PWA (different colors). Sol. No. 6/9 (green), Sol. No.
8/8 (cyan), Sol. No. 1/8 (blue) and Sol. No. 3/8 (red)

events due to the decay of the Λ into pπ− (64%) is taken into account as the 4π
distribution contains the full set of all Λs.

To obtain the experimental event distribution in 4π the experimental spectra
inside the acceptance were divided by the corresponding acceptance function.
This was done for each acceptance function of the four best PWA solutions. The
single 4π spectra of all solutions and observables are shown in Appendix G.3.
The combined results are shown in Figures 6.10 and 6.9. The bin entry corre-
sponds to the value obtained from the correction function of Sol. No. 6/9. The
displayed errors account for the statistical error of the experimental data. The
gray boxes show the systematic error of the acceptance correction. This error
was obtained by the maximum deviation of any of the three other correction to
the one of sol. No. 6/9. As expected, the experimental data in 4π are consisted
with the predictions of the PWA solution.

The CM distributions are symmetric with respect to the CM axis. The IMK+Λ

shows the event distributions as predicted by the PWA. Single peaks due to N*
resonances are not visible due to the large widths of the states. The small peak
at around 1900 MeV/c2, present in some of the solutions, seems to appear also
in the experimental data but is slightly shifted to lower masses.

The K-Λ helicity angle (panel i) Figure 6.9) shows a relatively flat behavior.
Within the large spread of the data points it is consistent with the PWA model
that predicts a slight modulation as a function of the angle. In Ref. [165, 166]
this observable was proposed to study the pΛ final state interaction. As ex-
pressed by Eq. 6.9 the helicity angle is tightly correlated with the invariant
mass of two particles. An angle of cosθ = 1 is related to small invariant masses
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6.2 Acceptance and Efficiency Correction

Figure 6.10: Experimental distributions for the two-particle invariant masses cor-
rected for acceptance and efficiency.

For the investigation of the kaonic nuclear bound state KNN, the invariant mass
of p and Λ is the most relevant observable. The acceptance corrected spectrum
of the IMpΛ of Figure 6.10 shows a smooth increase of the measured yield with
increasing mass of the system. There is no broad structure at M = 2267 MeV/c2

and  = 118 MeV/c2 visible, as reported by the DISTO collaboration [125, 126].
Two bins stick out from the smooth trend of this observable. The one at 2130
MeV/c2 can be assigned to the N-cusp, a well known phenomena in the in-
variant mass of pΛ [199]. This behavior is assigned to a coupled channel of
 − N ↔ Λ − p which opens at about 2130 MeV/c2. To investigate the bin at
2270 MeV/c2 the four IMpΛ spectra of Appendix G.3 are shown with a zoom into
the relevant mass region. Figure 6.11 presents four times the IMpΛ distribution
each figure for acceptance and efficiency with another model.

Figure 6.11: IMpΛ for the four different correction functions. Points show the ex-
perimental values and the lines the PWA-model that was used for the
correction.
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6 Extraction of the pK+Λ Production Cross Section

a)                                            b)                                            c)

d)                                            e)                                            f)

g)                                            h)                                            i)

Figure 6.9: Experimental distributions of the three particle angular correlations,
corrected for acceptance and efficiency. Inlets show bins that are far
out as compared to the other values. See Figure 2.6 for further expla-
nations on the observables.

of pΛ where the final state interaction should be the strongest. In Ref. [155] an
enhancement of statistic at very small pΛ opening angles was observed for Ekn
= 2.16, 2.26, and 2.4 GeV, respectively. This was interpreted as a trace of p-Λ
final state interaction. The K-Λ helicity angle at 3.5 GeV does not show such a
behavior at cosθ=1. The reason for this is that at higher energies only a small
portion of the phase space is influenced by final state interaction [166, 198].
Hence, these effects are less pronounced at the here investigated energy.
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Defini2on	
  of	
  Angles	
  
2.4 Final State Selection

Figure 2.6: The Angles between the particles in different reference frames. I)
shows the center of mass angles, II) shows the Gottfired-Jackson an-
gles and III) shows the helicity angles [23].

models have to be employed that contain the standard production mechanisms
of Figure 2.3. A extensive overview of established models for the production of
pK+Λ is given in the doctoral thesis of W. Schröder [170]. Most commonmodels
describe the reaction by the exchange of a meson as illustrated in process (a)
and (b) of Figure 2.3. In this way, production cross sections at single energies
can be reproduced by adapting the free parameters in the respective models,
but the description of the complete event kinematics, in form of differential
observables, often fails [170].

To cross check the validity of models the comparison of the latter to many dif-
ferential observables is needed. The observables used in this thesis for that
purpose are discussed the following. The inclusion of intermediate resonances
can be displayed by invariant masses of two particles such as MpΛ, MK+Λ and
MpK+. More detailed event kinematics can be displayed by angular distributions
in several reference frames [155]. Figure 2.6 illustrates how the angles are de-
fined. A detailed description of the properties of the different angles is given in
Ref. [23] and Chapter 6. The angles are denoted such, that the upper index in-
dicates the rest frame in which the angles are investigated and the lower index
indicates the angle in this frame or the opening angles between two particles,
respectively.
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Figure 1: (color online)(a): Differential cross section of d(γ, K+π−)X,
dσ/d cos θlabK+/d coslab

π−
. Here, bin width is 20 MeV/c2. The error bars

shows the statistical error, and the red boxes show the systematic error.
The discrepancy between the two datasets is shown as the hatched
histogram.

state were searched for with the the Log-likelihood ra-
tio method. In this method, the MMd(K+π−) spec-
trum was fitted under two hypotheses : background
processes only, and background processes and signal
process. The yield of each background process was
considered as a free parameter for the fitting. The
Log-likelihood value was obtained by fitting the sig-
nal and background spectra to the experimental data
where the yield of the signal was increased from 0
to a certain value. Then the improvements of Log-
likelihood from background only hypothesis (−2∆ ln L)
were tested in the search region. It is worthwhile to note
that the raw spectrum was used for the fitting because
acceptance-corrected spectrum has considerable sys-
tematic uncertainties and deteriorates the quality of the
fitting. Four processes were used for the background:
γn → ΛK+π−, γp → Σ+K+π−, γn → ΛK+π−π0 and
γp → Σ(1385)+K+π−. The shapes of the spectra were
generated with the GEANT-based Monte Carlo simula-
tion, where the Paris-potential model was used to de-
scribe the momentum distribution of the nucleons in-
side the deuteron [19]. In addition, a constant offset was
adopted in order to consider the contribution of remain-
ing processes such as hyperon decay. Figure 2 shows
the fit result with only background processes. χ2/ndf
of the fit result is 3.5 in the range from 2.05 GeV/c2 to
2.6 GeV/c2, and approximately 1 in the range from 2.22
GeV/c2 to 2.36 GeV/c2. The tests were performed for
signals with Γ = 20, 60 and 100 MeV, and 15 B.E. val-
ues ranging from 10 to 150 MeV. The signal shape was
assumed to be a Breit Wigner distribution with the fixed
B.E. and Γ , and was generated with the GEANT-based
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Figure 2: (color online) The spectrum fit result for the determination
of the upper limit of cross section. The color and style of line for each
corresponding process are shown in the figure.

Monte Carlo simulation. As a result of tests, significant
improvements of Log-likelihood were not observed un-
der any condition in the search region.

In order to quantify the search results, the upper limits
of the differential cross section were determined. The
signal yield which gave −2∆ ln L = 3.84 was used to
give the upper limit of the yield at the 95% confidence
level. In Fig.3, −2∆ ln L values are shown as a function
of the signal yield for B.E.=100 MeV and Γ =60 MeV
as a typical example. The crossing point at −2∆ ln L =
3.84 is indicated by an arrow.
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Figure 3: (color online) Typical −2∆lnL as a function of the sig-
nal yield. The B.E. and Γ is assumed to be 100 MeV and 60 MeV,
respectively.

Thus, the upper limits of the yield were determined
for signals with Γ = 20, 60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The obtained yields
were converted to the differential cross section by divid-
ing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance was deter-

4

γ+d	
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  K++π	
  	
  

mined with the GEANT-based Monte Carlo simulation
under the assumption that d(γ,K+π−)K−pp reaction oc-
curs isotropically in the center-of-mass system. Figure
4 shows the upper limits of the differential cross section
of K−pp bound state production for various Γ values as
a function of the assumed signal peak mass.
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Figure 4: The upper limit of the differential cross section of K−pp
bound state production as a function of assumed signal peak mass.
The solid, broken and dotted lines are the results of Γ =20 MeV, 60
MeV, and 100 MeV, respectively.

The upper limits of the differential cross section of
K−pp bound state production were determined to be
(0.07 − 0.2), (0.1 − 0.6), (0.2 − 0.7) µb for Γ =
20, 60, 100 MeV, respectively at the 95% confidence
level. These values correspond to 0.5%− 5% of the dif-
ferential cross section of the typical hadron production
processes such as γn → K+π−Λ or γp/n → K+π−Σ+/0.
We can compare the obtained results to those of the
KEK-PS E471/E549 group. They concluded that the
formation probabilities of the four-body kaonic nuclei
are less than a few percent per stopped kaon. Since K−
absorbed in nuclei form hyperons, their results equiv-
alently state that the formation probabilities of kaonic
nuclei are less than a few percent of the typical hyperon
production cross section. The obtained search results
are comparable with the KEK-PS E471/E549 results al-
though the Kaonic nuclei production mechanisms are
expected to be different between the two reactions.

Though bump structures were not observed, there
were several thousand events in the search region.
In order to investigate the background precisely, the
MMp(K+π−) spectrum and MMp(K+) spectrum were
fitted simultaneously. The subscript p means that the
missing mass was calculated assuming a proton at rest
as the target. The processes considered for the fitting

Table 1: Quasi-Free processes

proton target neutron target
γ + p→ Λ K+ γ + n→ Σ− K+
γ + p→ Σ0 K+ γ + n→ Λ K+ π−
γ + p→ Λ(1405) K+ γ + n→ Σ(1385)− K+
γ + p→ Σ(1385)0 K+ γ + n→ Σ(1660)− K+
γ + p→ Σ+ K+ π− γ + n→ Λ π0 K+ π−
γ + p→ Λ(1520) K+
γ + p→ Σ0 π+ K+ π−

are listed in Tab.1. The contribution of K∗0 production is
negligibly small under the selected kinematic conditions
and was ignored. PDG values were used for the mean,
width, and branching ratio of the hyperon resonances
[20], and all the processes were generated isotropically
in the center of mass system. The mass and width of
Σ(1660) were assumed to be 1.66 GeV/c2 and 0.1 GeV,
respectively, and the branching ratios of the Λπ− and
Σπ− decay modes were considered as free parameters.
The fit result is shown in Fig.5. The experimental data
is shown as points with the error bars, and the fit re-
sults are shown as a red histogram. The total χ2/ndf
is 1.3. The fit result indicates that the main contribu-
tion to the MMd(K+π−) spectrum in the search region
comes from the γp → K+Λ(1520) process. Its fraction
of the observed yield is approximately 20%. The non-
resonant Λ/ΣπK+π− production also contributes about
20% to the signal region. The upper limit of produc-
tion probability of K−pp bound state was determined
to be less than 5% of typical hadron processes, and it
was found to be difficult to separated the K−pp bound
state signal from the background processes in the inclu-
sive measurement. For the further study, it is necessary
to detect the decay products of K−pp bound state us-
ing counters surrounding the target. K−pp bound state
is expected to have non-mesonic decay modes such as
K−pp → Λp or K−pp → ΣN, and detecting the proton
or Λ which has large transverse momentum is essential
to increase the signal to noise ratio.

The production cross section of K−pp bound state is
assumed to be dependent on the kinematic condition,
especially momentum transfer of residual system. Al-
though the production mechanism of K−pp bound state
is poorly understood, if K−pp bound state was produced
via the sticking process of virtual K− or intermediate
resonance states, the kinematic condition of small mo-
mentum transfer is efficient to enlarge the production
cross section. Thus, except for the search under the cut
condition described above, a search for a bump structure
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