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We present p+p data, measured by the HADES spectrometer at Ek;, (proton)=3.5 GeV. We have
analyzed the final state p+ p — pAK™ in view of a possible intermediate state p + p — KNN +
K™. The KNN is the lightest candidate for a cluster of an anti-kaon bound to nucleons, and a
current topic of theoretical and experimental interest. We have analyzed our data with a Partial-
Wave Analysis that includes also the production of intermediate N*-resonances (— KA). The
result of the fit describes the data well and a statistical test showed no major deviations between
model and data which could be attributed to a production of a kaonic nuclear bound state. We

have, thus, started to focus on the determination of an upper limit of its production cross section.
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1. Anti-Kaonic Nuclear Bound States

Bound states of anti-kaons and nucleons have been a constant topic of discussion since the
early 60’s, beginning from Y. Nogamis pioneering work [1-19]. While the early calculations stud-
ied all sorts of bound states throughout the periodic table, the recent theoretical and experimental
interest is focused on light bound states such as KNN and KNNN. The calculations of the proper-
ties of this state have evolved meanwhile to an advanced form, were the simplest cluster — the KNN
—is calculated either in a Faddeev [20-28] or a variational approach [18,19,29-35]. The predicted
binding energies and widths in these approaches vary between B=10-100 MeV and I'=40-110
MeV, see e.g. summary tables in Refs. [36,37], giving a broad range of possible properties.

The experimental efforts, on the other hand, presented three candidates, all of them heavily
criticized [38—42]. Their properties are: B=115 MeV and I'=67 MeV [38], B=153 MeV and I'<24
MeV [39,40], B=103 MeV and I'=118 MeV [41,42]. These are contradicting results. The LEPS
collaborations on the other hand recently published results from the reaction y+d — XKz~ in
which no signal from the KNN (£X) was observed and an upper limit for the production rate
was reported [43]. The situation from theoretical and experimental side is inconclusive and, thus,
demands more experimental data to resolve the issue of observable kaonic nuclear bound states.

2. The p+p Experiment of HADES

In 2007 the HADES detector! [44] recorded 1.2 - 10° events from p+p collisions induced by a
proton beam with E;,=3.5 GeV impinged on a liquid hydrogen target. These events were analyzed
in view of reaction p+ p — pAK™. This final state is interesting, as it contains the decay products of
one of the four decay channels? of the KNN and could, thus, stem from the possible intermediate
state p+ p — KNN + K. A large contribution of a KNN with a narrow width would manifest
itself as a bump in the pA invariant mass spectrum. If the production yield or the Ap decay width
is, however, small, the background description becomes more and more crucial to distinguish a
possible signal from statistical fluctuations or background structures.

As the kinematics of the pK™A final state is rather complex due to the presence of inter-
mediate N* resonances (— KTA) [45, 46], the modeling of the event distributions is difficult.
This is resolved with help of a partial wave analysis (PWA) framework from the Bonn-Gatchina
group [47,48]. Besides the possibility to describe the complete event kinematics, this framework
has the advantage that a production of a kaonic nuclear bound state can be implemented consis-
tently with correct quantum numbers (J°=07). In this way, a possible interference between the
cluster production and other intermediate states is taken into account.

3. Data Selection

The reaction p+ p — pAK™ has been selected in the following way. Two scenarios have been
analyzed: 1) in which all four charged particles (A — pz~) have been detected in the HADES

'High Acceptance Di-Electron Spectrometer, located at the GSI Helmholtzzentrum fiir Schwerionenforschung
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spectrometer; and II) in which the proton from the A decay was detected in the Forward Wall>.
These two data sets are named HADES and WALL, respectively. In both data sets, the protons and
the pion were identified via their energy-loss in the MDC drift chambers via graphical cuts in the
dE/dx vs. momentum distribution. The particle detected in the Forward Wall can not be assigned
with a PID as no underlying information is available. According to simulations, however, the hit
in the forward wall is with a high probability (~90%) due to a proton and, thus, this assumption
is used for the further analysis. The kaon was identified via its reconstructed time-of-flight which
is used to calculate the particles mass. Kaons with a mass between 0-680 MeV/c? (HADES) and
230-640 MeV/c? (WALL) were accepted for the event selection. After the particle identification a
kinematic fit of an exclusive pAK™ production is applied to the each selected event. The kinematic
fit tests to which degree momentum and energy conservation are fulfilled by the four-vectors of
the particles. Furthermore, it tests whether the invariant mass of the p and the 7~ delivers a mass
near the nominal A mass of 1116 MeV/c?. Events with good fit quality were selected for further
data analysis. This results in ~1300 events from the HADES statistic with a background of ~7%
and 9000 events from the WALL statistic with a background of ~15% (K mis-identification and
pK*¥%production). These selected events are then used as input for a partial wave analysis.

4. The PWA Framework

From these selected events the partial wave analysis uses the four-vectors from the three mea-
sured particles p, A, and K™ as well as phase space simulations as input. Both sets of four-vectors
are reduced to the acceptance of the spectrometer, implying the advantage that errors due to an
acceptance correction are avoided.

The transition from an initial state (p+p) into a final state (pAK™) proceeds via many inter-
mediate states. Each transition wave in the BG-PWA is parametrized by an amplitude (a;) a phase
(az) and an energy dependent strength (a3) according to:

An(s) = (a1 +a3V/s) - €. (4.1)

Ay (s) is a part of the full amplitude that is described by spin momentum operators which model the
production and decay process dependent on the quantum numbers of the three-particle state [47,48].
As the center of mass energy of this experiment was constant, the energy dependent parameter a3
was set to zero. The possible intermediate states are implemented as follows. All candidates of N*
resonances listed in the PDG that have an observed coupling to KA and a mass between 1600—
2100 MeV/c? are included as possible intermediate states. Furthermore, the production of pK*A
can proceed via non-resonant formation, incorporating several angular momenta between the three
particles. This leads to many possible transition waves that are grouped according to the total spin
and parity (J©) of the intermediate state. All waves in the same spin-parity group can interfere as
they stem from the same p+p initial state wave. In the fitting process the kaonic cluster production
was excluded to check how well the data are described by the already known standard sources.
Both data sets were fitted simultaneously on an event-by-event base by the sum of all transition
amplitudes. The result of the fit are the values of the parameters a; and a, for each transition
wave. Due to the many contributing processes, the final state observables can be described very

3 A scintillator hodoscope 7 m downstream the target with a polar acceptance of 0.3° to 7°.
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Figure 1: The experimental data in the HADES (left) and WALL (right) acceptance (black dots) compared
to the four best out of 120 tested solutions of the PWA (gray band).

well by the interfered sum of all transition amplitudes. The fit is, however, not sensitive to the
exact cocktail of transition waves implemented into the PWA. To evaluate this uncertainty several
combinations of transition waves with varying contributions of N* resonances and non resonant
waves have been tested. In total 120 different solutions were fitted to the data and the results were
categorized according to the minimum log-likelihood value of the fit. The four solutions with the
best log-likelihood value were taken as a reference model for the data. Figure 1 shows how well
these solutions (summarized as gray band) describe the experimental observable IM .

5. Cross Checks

In order to check how a possible contribution of an intermediate state containing a kaonic
nuclear cluster could influence or distort the fit result some cross checks have been performed. It
is possible that an exclusion of an intermediate state with a kaonic cluster in the fit, whilst present
in the experimental statistic, will lead to a wrong description of the data. This has been tested in
the following way: First, events with a certain pA invariant mass have been excluded from the
fit and only the remaining statistic was fitted by the sum of all transition waves; then the new
PWA solution was compared to the data in the whole mass range. A comparison of three fits: one
including all data, one including only events outside the mass range IM,,=2200-2300 MeV/c?
and one including only events outside the mass range IM,,=2300-2400 MeV/c?, is presented in
Figure 2. This figure shows the prediction of the three solutions in both acceptance ranges HADES
and WALL. Here, only the HADES events were used for the fitting procedure to demonstrate the
predictive power of the fit also for other acceptance regions. By comparing the three results one
can validate how much the fit changes its prediction for a certain mass range when events inside of
it are excluded. The right panels of Figure 2 show a zoom into the region in which a KNN signal
could be located. No significant difference among these solutions is visible*, which indicates that a

4The lower right panel of Fig. 2 shows a slight deviation for low M, masses for the green solution. This can,
however, not be attributed to a signal bias as in this solution this mass range was explicitly included into the fit.
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Figure 2: Invariant Mass of pA for the two data sets (black points) shown with the best PWA solution,
fitted to the complete HADES statistic (blue dots). Upper row: HADES data, lower row: WALL data.
Compared to these results are the two cross checks where I) events were rejected from the fit with a mass
range of 2200-2300 MeV/c? (violet points) and IT) where a mass range of 2300-2400 MeV/c? (green points)
was rejected from the PWA fit. The right panel shows a zoom into these mass regions.

potential content of a KNN inside the data does not bias their interpretation with help of the PWA.

6. Is There a New Signal or Not?

After this reassuring test, a statistical comparison between the PWA solution and the experi-
mental data can be performed. The performed analysis is a test of the null hypothesis (Hp) where
a model that includes only background processes (PWA solution) is compared to the experimental
data. A statistical comparison between the Hy-hypothesis and the experimental data was performed
in order to see if there is some event yield that is unlikely to be described by the model. This could
hint towards the necessity to include a further signal into the PWA solution. In the test the discrep-
ancy between model and data is calculated with a Pearson- 7512,:

i—A)?
x%z%. (6.1)
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With m; and A; the number of measured and expected events (according to the model) in the bin i,
respectively. The discrepancy is calculated bin-wise so that a local pg distribution is obtained. The
local po-value is derived from the 3 value by an integration of the standard y? probability density
function, with Ndf degrees-of-freedom, from the determined )(g value of the data to infinity:

oo

p-value = / i P(x* Ndf)dx’. (6.2)
X

Pd
This calculation has been done separately for the four best solutions of the PWA variation and the
two data sets (HADES and WALL). The result of the local p( calculation is shown in Figure 3. The
spread between the four best solutions is expressed by the gray area. A small py-value indicates
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Figure 3: The local po-value as a function of IM,, A, shown for both data sets individually. The grey spread
is due to the systematic uncertainty and obtained from the four best solutions of the PWA fit. The horizontal
dashed lines mark the discrepancy in terms of equivalent significance (n0).

a poor agreement between data and model. The smaller the po-value is, the lower is the probabil-
ity that the deviation is caused by a random fluctuation, if the model is the true hypothesis. The
gray-dashed horizontal lines express the deviation in terms of no, which is called equivalent sig-
nificance and a common term in particle physics [49]. A deviation larger than 30 could, according
to convention, hint to the presence of a new signal. Such a large deviation is only present in one
data set (HADES) at a mass of M=2600 MeV/c?. It is not confirmed by the WALL data set and,
furthermore it is a downward fluctuation of the data compared to the model (see Figure 1). Thus,
as a result of this test no large deviation of the data from the null-hypothesis was found, making
this model a good assumption for the production process. No hint of a new signal exceeding the
standard contributions of N* production and non-resonant pAK* formation has been found in this
analysis. As a consequence, only the determination of an upper limit remains which constrains a
possible kaonic cluster production in p+p reaction at a beam kinetic energy of 3.5 GeV.

7. How to Obtain an Upper Limit

The established PWA solutions offer the possibility to include an additional signal due to the
production of a KNN in a consistent way. In this picture, the kaonic cluster can be produced out of



Experimental news from a theoretical state: The "ppK ™"

three different initial proton+proton configurations:

WaveA : 'p+p/ (ISO) — 'ppK~ — k' (ISO) , (7.1)
WaveB : 'p+p (3P1) — 'ppK~ — Kt (1P1) , (7.2)
WaveC: 'p+p ('D2) — 'ppk~ =K' (‘D). (7.3)

Where, in the final state, the "ppK " and the K™ have different angular momenta between each
other. As interference effects are included, each wave with the production of a kaonic nuclear
bound state can interfere different with the other waves within the same J group. Therefore, each
wave has to be tested separately within the model.

For the value of an upper limit the amplitude of the kaonic cluster production (a; from Eq.
(4.1)) was increased step-wise from zero (Hp) to a value which produced a visible signal of the
cluster, resulting in a new hypothesis Hy,. The new hypothesis was tested against the data. The
hypothesis was rejected as unlikely, as soon as the p-value of the test was lower than necessary
for a CLy;=95% confidence level [5S0-52]. Figure 4 illustrates the p-value as a function of the
increasing amplitude strength. An inclusion of a new signal worsens the data description step-by-
step, the higher the included signal strength is. The test was performed separately for Wave A, B,
and C. Figure 4 shows an example of the inclusion of a kaonic cluster into one of the four best
hypotheses Hy. The amplitude which delivers a p-value lower than indicated by the red-dashed line
was rejected as improbable hypothesis and defines an upper limit on the production strength of a
possible intermediate kaonic cluster state. This test is done for a number of hypothetical masses
and widths and is subject of a forthcoming publication.
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Figure 4: The p-value of the HADES data set as a function of the amplitude of the three kaonic cluster
waves (A, B and C). The CL; limit of 95% is shown by the red- dashed line.

8. Conclusions

Due to the presence of intermediate N* resonances a model description of the pK*A final
state is complex. The partial wave analysis, performed with the Bonn-Gatchina framework, is
an elegant solution of this problem, which allowed us to derive a description of the measured
event distributions. While we aim to describe background processes that do not contain a kaonic
cluster signal, cross checks showed that the PWA result is not disturbed if possible signal events
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are included into the analysis. A statistical analysis of bin by bin fluctuations showed no significant
deviation of the data from the PWA model that could be attributed to a new signal. We have, thus,
continued to determine an upper limit on the production strength of the kaonic nuclear cluster in
the reported reaction with help of the CL; method. The final result will be reported soon.
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