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A search for the K~ pp bound state (the lightest kaonic nucleus) has been performed using the yd —
K*m~X reaction at E, =1.5-2.4 GeV at LEPS/SPring-8. The differential cross section of the K*m~
photo-production off deuterium (d?o /d cos@fé’f/dcos@fﬁ?) has been measured for the first time in this
energy region. A peak structure was searched for in the inclusive missing mass spectrum. A statistically
significant peak structure was not observed in the region from 2.22 to 2.36 GeV/c?. The upper limits
of the differential cross section of the K~ pp bound state production were determined to be (0.17-0.55),
(0.55-1.7) and (1.1-2.9) pb at 95% confidence level with the assumed widths of 20 MeV, 60 MeV and

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.

1. Introduction

Kaonic nuclei provide us with rich information on the sub-
threshold KN interaction and the nature of A(1405) in the nu-
clear medium. Since the KN interaction is strongly attractive in
the isospin 0 channel, the existence of kaonic nuclei is sup-
ported theoretically. Many experiments have been performed to
search for kaonic nuclei using various reactions. KEK-PS E471/E549
group searched for the four-body systems: the K~ ppn and K~ pnn
bound state using the stopped K~ reaction on a liquid *He tar-
get [1,2]. Narrow (the width is less than 40 MeV) peaks were
not observed in the missing mass spectra of 4He(1<s’mpped,p)x

and “He(K S_mpped,n)x, and they concluded that the upper limits
of the formation probability are below a few percent per stopped
K~ events. However, they observed broad structures at around
3140 MeV/c? in the missing mass spectrum of 4l-Ie(Ks_mm‘,d,n)X.
It cannot be completely explained in terms of two-nucleon ab-
sorption processes, implying the possible existence of unknown
processes including the K~ ppn bound state. Osaka group stud-
ied the K-nucleus interaction using in-flight (K~, N) reactions on
12¢ and 190 targets [3,4]. An enhancement of the yield in the K~
bound region was observed in the inclusive missing mass spectra.
The shapes of the obtained spectra were compared with theoret-
ical calculations, and the K potential were derived to be rather
deep (160-190 MeV). However, another theoretical calculation ex-
plained the spectra with a shallow (60 MeV) potential [5], and
more intensive experimental investigations are needed to improve
the precision of the shape analysis.

The lightest kaonic nuclei, KNN is fascinating to investigate
the sub-threshold KN interaction more precisely. In particular, the
bound state consisting of K~ and two protons (the K~ pp bound
state) has been actively studied because it has the largest num-
ber of KN pairs with ] =0 and is estimated to be the strongest
binding system among the three-body systems.

The structure and the production mechanism of the K~ pp
bound state have been investigated using various theoretical ap-
proaches [6-12]. The binding energy (B.E.) and the width (I") were
predicted to be 9-95 MeV and 34-110 MeV, respectively. The pre-
dicted values are in considerable disagreement among the theoreti-
cal models depending on the KN interaction models and the calcu-
lation methods. The K~ pp bound state has been searched for ex-
perimentally, and there are two groups who have detected the pos-
sible candidates. The first measurement was reported by FINUDA
group at DA®NE [13]. They investigated the stopped K~ reaction
on five kinds of targets of ®Li, 7Li, 12C, 27Al and 'V and observed
a peak structure in the invariant mass spectrum of A and proton
emitted back-to-back from the targets. The B.E. and I" were deter-
mined to be 1157 (stat) 3 (syst) MeV and 677} (stat) "3 (syst) MeV,
respectively. There are some theoretical interpretations that the
observed peak can be explained by the two-nucleon absorption

with the final state interaction of outgoing particles [14]. DISTO
group at SATURNE re-analyzed the dataset of the exclusive pp —
pKT A reaction and observed a peak structure in the missing
mass spectrum of KT [15]. The B.E. and I were determined as
103 £ 3(stat) &= 5(syst) MeV and 118 & 8(stat) = 10(syst) MeV, re-
spectively. These two measured values of B.E. and I" are different
from each other. They are inconsistent with any of the existing the-
oretical predictions. Thus, the existence of the K~ pp bound state
has not been established yet. New experiments using different re-
actions could help to resolve the controversial situation.

In this Letter, we report on the first search results using
the yd — KTm~X reaction in the photon energy region of
E, = 1.5-2.4 GeV. A peak structure was searched for in the
inclusive missing mass spectrum of the d(y,K*m ™)X reaction
(MMg(K+m ™)) by detecting KT and 7w~ at forward angles in coin-
cidence. The study of the inclusive spectrum allowed us to search
for the K~ pp bound state without selecting the decay mode,
whereas considerable contributions from quasi-free processes arise
as the background in the search region ranging from 2.22 GeV/c?
to 2.36 GeV/c?. These background processes are also discussed.

If KT is detected at forward angles, t-channel reaction becomes
dominant. K or K* are expected to be exchanged in the frame-
work of gauge-invariant effective Lagrangians [16]. A K exchange
is forbidden in the pion or kaon induced reactions, and it is one of
the unique features of the photon induced reaction. Here, the ex-
changed K or K* can be treated as virtual beam particles. From
this viewpoint, d(y, K*7~)X reaction is regarded as the virtual
d(K~—,m77)X or d(K*~,m ™)X reaction, which have not yet been
used for the search for the K~ pp bound state.

The production cross section of the K~ pp bound state is de-
scribed as a function of the transferred momentum, [t| [17]. If
the K~ pp bound state is a compact object, the production cross
section is expected to be enlarged at a large transferred momen-
tum. On the other hand, if the K~ pp bound state is a soft object,
the production cross section is expected to be enlarged at a small
transferred momentum. By detecting K+ and 7w~ at forward an-
gles, we searched for the K~ pp bound state in the small |t| region
from 0.1 to 0.4 (GeV/c)2.

2. The LEPS experiment and analysis

The experiment was performed at LEPS/SPring-8 in 2002/2003
and 2006/2007. The experimental conditions and data qualities
were similar throughout these two data-taking periods. Therefore
two datasets were summed up for the analysis. Linearly polar-
ized photons with the energy from 1.5 to 2.4 GeV were produced
by the backward Compton scattering. The energy of each photon
was measured by detecting the scattered electrons with a tagging
counter. The photon energy resolution is estimated to be approxi-
mately 12 MeV. More details of the photon beam at LEPS/SPring-8
are given in Ref. [18].
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Liquid deuterium (LD;) of 16 cm effective length was used as
the target. 7.6 x 102 tagged photons were incident on the target
in total. Charged particles produced from the target were detected
with the LEPS spectrometer at forward angles in the laboratory
system. The LEPS spectrometer consists of a start counter (SC),
a silica-aerogel Cerenkov counter (AC), a silicon vertex detector
(SVTX), drift chambers (DCs), a dipole magnet with a field strength
of 0.7 T and a time-of-flight (TOF) scintillator wall. AC has the re-
fractive index 1.03 and was used for ete™ vetoes at the trigger
level. The momentum threshold of AC is 2.0 GeV/c for kaons and
0.57 GeV/c for pions. The momenta of particles were determined
using tracking information, and particle species were identified us-
ing TOF information. The momentum resolution is estimated to be
6 MeV/c at 1 GeV/c by the Monte Carlo simulation. Thus, the mass
resolution of MMg(K+m ™) is ~ 10 MeV/c? in the region from 2.2
to 2.4 GeV/c?. More details about the experimental setup are given
in [19].

For the present analysis, events with K+ and 7w~ tracks were
selected with mass values required to be within 30, where o
is the mass resolution depending on the momentum. Events for
which w+ was misidentified as K+ were rejected by requiring
that the missing mass of the p(y, 77 ~)X reaction was above
0.97 GeV/c?, where the 7+ mass was used instead of the K+
mass. The misidentified events were distributed mainly in the re-
gion below 1.7 GeV/c? in the MMy(K+m~) spectrum and were
negligible in the region where a peak structures was searched for.
To reduce the systematic uncertainty arising from the acceptance
correction, the analysis was performed within the following kine-
matical region:

cos 9}?3 > 0.95
lab
cosf” > 0.95
0.25 GeV/c < p'% < 2.0 GeV/c
0.25GeV/c < p'®® < 0.6 GeV/c (1)

pud
Here 6% and p'® denotes the scattering angle and momentum
in the laboratory system, respectively. The vertex resolution along
the beam axis was approximately 2 mm, and the events from the
SC or AC were well-separated from the events from the LD, tar-
get. The vertex points of the K™ and 7~ tracks were required to
be located at the target. In addition, the distance of closest ap-
proach (DCA) between the two tracks was required to be less than
4 mm. These vertex constraints reduced the contribution of the
hyperon decay events of which vertex points were outside the tar-
get or had large DCA values. The ratio of the signal of the K~ pp
bound state to the background arising from the hyperon decay
events was estimated to be improved by a factor of 2 by apply-
ing these vertex constraints. The event loss of the signal of the
K~ pp bound state by these constraint was estimated to be 5% by
the Monte Carlo simulation. Finally, for the events in which three
tracks were detected (K*, 7, and p), the invariant masses of p
and 7~ (M(pm~)) were calculated, and the events in the range of
1.05 GeV/c? < M(pm~) < 1.12 GeV/c? were rejected because they
arise from the quasi-free A production process. The event loss due
to this cut is small (~ 4%). There is little possibility to distort the
shape of the spectrum of MMy (K ™).

3. Results and discussion

Fig. 1 shows the differential cross section spectrum of
MMg(K*7 ™) (d?0 /dcos0l% /d cos 0% /dM) within the kinemat-
ical region given in Eq. (1). The search region (2.22 GeV/c2-2.36
GeV/c?) and the K~ pp mass threshold (2.37 GeV/c?) are also in-
dicated in the figure.
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Fig. 1. (Color online.) Differential cross section of d(y,K*m ™)X, d%/dcosG}f’j

dcosé)}f?/dM. The bin width is 20 MeV/c2. The blue triangle points denote the
results of 2002/2003 dataset, the red square 2006/2007 dataset and the back circle
summed up dataset. The error bars include both statistical and systematic errors.
Inset: The differential cross section in the range from 2.2 to 2.4 GeV/c2. The error
bars and the open boxes indicate statistical and systematic errors, respectively. The
error band denotes the discrepancy between two datasets.

The differential cross section was obtained by applying an ac-
ceptance correction for each event. The acceptance was calculated
with the GEANT-based Monte Carlo simulation as a function of
momentum, cos@'® and vertex point. The systematic uncertainty
arising from the acceptance correction is estimated to be 5.7% in
the search region. The fluctuation of the target density was as-
sumed to be negligibly small. The systematic uncertainty of photon
flux was estimated to be 3%. The systematic uncertainty arising
from the above-mentioned sources was 6.4% in total in the search
region. There was discrepancy in the obtained results between the
two datasets. The discrepancy is estimated to be 12% (R.M.S.) us-
ing the quasi-free A and X production, which is shown as a error
band in the inset in Fig. 1. The results obtained from two datasets
were consistent within this error.

As shown in Fig. 1, there are three peaks around 1.9 GeV/c?,
2.1 GeV/c? and 2.2 GeV/c? in the MMy(K+m ™) spectrum. These
peaks correspond to the yn — KT X~ followed by the ¥~ —
77n, the yn — KT~ A and the yp/n — KTz~ X%/0 processes.
The differential cross section of each process was determined to
be ~ 3 pb, ~7 pb and ~ 4 pb, respectively, within the kinemat-
ical region given in Eq. (1). If the K~ pp bound state exists and
has a large production rate, a peak structure should be observed
as the signal in the range from 2.22 GeV/c? to 2.36 GeV/c? in the
MM (K*m ™) spectrum.

A peak structure corresponding to the K~ pp bound state pro-
duction was searched for with the Log-likelihood ratio method.
In this method, firstly, the MMg(K+7~) spectrum was fitted un-
der two hypotheses: background processes only, and background
processes and the signal process of the K~ pp bound state pro-
duction. Then, the improvement of the Log-likelihood value was
tested. For the fitting, we use the spectrum without the accep-
tance correction (raw spectrum) and the Monte Carlo generated
spectra of the assumed processes as the fitting function. The rea-
sons why we use the raw spectrum are as follows. As shown in
the inset of Fig. 1, the spectrum has considerable systematic un-
certainties coming from the acceptance correction. The acceptance
correction was performed for each track to derive the differen-
tial cross section, and the uncertainty attributed for each event
was accumulated to the final result. On the other hand, in case of
the Monte Carlo generated spectra, we can easily reduce the sys-
tematic uncertainties by increasing the statistics of the generated
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Fig. 2. (Color online.) (a) The fit result of MMy(K*m~) spectrum with the Monte
Carlo generated processes. The color and style of line for each corresponding process
are shown. (b) The residue from the fitting function.

events. The Monte Carlo generated spectra were estimated to have
the systematic uncertainty ~ 1%. By using the raw spectrum and
the Monte Carlo generated spectra for the fitting, we can avoid the
ambiguity arising from the acceptance correction for each track. In
addition, by using Monte Carlo generated spectra, we can take into
account of the mass resolution effectively.

The fitting was performed in the range from 2.05 to 2.6 GeV/c2.
Six processes were used for the background: yn — AKTm—,
yp - ZTKTn~, yp - A(15200KT, yn - An’K*7~, yn —
070K+ 7~ and yp — £°(1385)* K+ 7 ~. The shapes of the spec-
tra were generated with the GEANT-based Monte Carlo simulation,
where the Paris-potential model was used to describe the mo-
mentum distribution of the nucleons inside the deuteron [20]. The
yield of each background process was taken into account as a free
parameter. The yield of the signal was increased from 0 to a cer-
tain value, and the Log-likelihood values was calculated at each
point.

Fig. 2 shows the fit result with only background processes and
the residue from the fitting function. y2/ndf of the fit result is 1.4
in the range from 2.05 GeV/c? to 2.6 GeV/c?, and approximately
1 in the range from 2.22 GeV/c? to 2.36 GeV/c?. The tests were
performed for signals with I" = 20,60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The signal shape was assumed
to be the Breit-Wigner distribution with the fixed B.E. and I and
was generated with the GEANT-based Monte Carlo simulation. As
a result of tests, significant decrease of —2AInL (twice the Log-
likelihood difference of the hypotheses) were not observed under
any assumption of B.E. and I" values.

To quantify the search results, the upper limits of the differen-
tial cross section of the K~ pp bound state production were deter-
mined. The signal yield which gave —2AInL = 3.84 was used for
the upper limit of the yield at the 95% confidence level. In Fig. 3,
—2AInL values are shown as a function of the signal yield for
B.E. =100 MeV and I' =60 MeV as a typical example.

The obtained yields were converted to the differential cross sec-
tion by dividing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance of the signal was de-
termined by using the GEANT-based Monte Carlo simulation under
the assumption that the d(y, K™z ~)K ™ pp reaction occurs isotrop-
ically in the center-of-mass system. The systematic error from this

30
20 Upper Limit of Yield
2 F (95% C.L.)
of
- -2AlnL=3.84
0

| | | | | | |
0 100 200 300 400 500 600 700 800
Yield of Signal

Fig. 3. (Color online.) Typical —2AInL values as a function of the signal yield. The
B.E. and I' values were assumed to be 100 MeV and 60 MeV, respectively. The
crossing point at —2AInL = 3.84 is indicated by an arrow.
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Fig. 4. The upper limit of the differential cross section of the K~ pp bound
state production in the d(y,K*tmw ™)X reaction as a function of assumed sig-
nal peak mass. The solid, broken and dotted lines are the results of I' =
20 MeV, 60 MeV and 100 MeV, respectively.

acceptance was estimated to be ~ 1%. Fig. 4 shows the upper limits
of the differential cross section of the K~ pp bound state produc-
tion for various I" values as a function of the assumed mass. It
is noted that the obtained upper limit of the differential cross
section has ~ 12% uncertainty mainly coming from the discrep-
ancy between two datasets. In addition, we performed the same
analyses by using some different combinations for the background
processes. Among them, the combination which gave the most
conservative results of the upper limits was adopted.

The upper limits of the differential cross section of the K~ pp
bound state production were determined to be (0.17-0.55),
(0.55-1.7) and (1.1-2.9) pb for I = 20,60 and 100 MeV, respec-
tively at the 95% confidence level. These values correspond to
(1.5-5.0), (5.0-15) and (9.9-26)% of the differential cross sec-
tion of the typical hadron production processes such as the
yn— Ktm~A or the yp/n — K+tm~X*+/% processes within the
kinematical region given in Eq. (1). As for the upper limits for
I' =20 MeV, we can compare the obtained results with those
given by the KEK-PS E471/E549 group. The differences between the
present and the KEK-PS E471/E549 experiment are summarized as
follows:

e The search object of the present study is the K~ pp bound
state, while the KEK-PS E471/E549 experiment aimed at the
K~ ppn or K~ pnn bound states.

e The production mechanisms of kaonic nuclei are expected to
be different between the photon induced and stopped K~ re-
actions.
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Table 1
Quasi-free processes.

Proton target Neutron target

y+p— AKT
y+p— 0Kt

y 4+ p— A(1405)K+
y+p— 2(1385)0K+
y+p—> XKt~

y +p— A(1520)K*
y+p— Z0ntKkta-

y+n— T K+
y+n— AKtm~
y+n— (1385 K+
Y +n— 2(1660)" K+
y+n— AnOK+tm—

e The present study is limited within the kinematical region
given in Eq. (1).

However, two experiments are similar to each other in the aspect
that peak structures were searched for in the inclusive missing
mass spectra. KEK-PS E471/E549 group concluded that the for-
mation probabilities of the four-body kaonic nuclei with narrow
widths are less than a few percent per stopped kaon. Since ab-
sorbed K~ in nuclei forms hyperons, their results are restated that
the formation probabilities of kaonic nuclei are less than a few per-
cent of the typical hyperon production cross section. The present
results with an assumption of I" =20 MeV are comparable with
the KEK results in terms of the ratio to the hyperon production
Cross section.

Though a peak structures was not observed, there were sev-
eral thousand events in the search region. To investigate the back-
ground precisely, the MMp (KT ~) spectrum and the MMp(K™)
spectrum were fitted simultaneously. The subscript “p” means that
the missing mass was calculated using the proton mass for the
target mass. The processes used for the fitting are listed in Ta-
ble 1. The contribution of K*9 production is negligibly small under
the selected kinematic conditions and was ignored. PDG values
were used for the mass, the width and the branching ratio of
the hyperon resonances [21], and all the processes were gener-
ated isotropically in the center of mass system in the Monte Carlo
simulation. The mass and width of X' (1660) were assumed to be
1.66 GeV/c? and 0.1 GeV, respectively, and the branching ratios
of the Aw~ and X7~ decay modes were taken into account 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 results
are shown as the red histograms. The total x2/ndf for the fit-
ting was 1.3. The fit result indicates that the main contribution
to the MMy(KTm~) spectrum in the search region comes from
the yp — KT A(1520) process. Its fraction of the observed yield is
22 + 3%. The contribution of the non-resonant A/XmxK*7~ pro-
duction is also estimated to be 24 4+ 5% in the search region.

The production cross section of the K~ pp bound state was
found to be small in the photon induced reaction, and it is diffi-
cult to separate the K~ pp bound state signal from the background
processes in the inclusive measurement. For the further study, it is
necessary to detect the decay products of the K~ pp bound state
using the additional counters surrounding the target. The K~ pp
bound state is expected to have non-mesonic decay modes such as
the K~ pp — Ap or the K~ pp — X'N. In this case, the detection
of proton or A with a large transverse momentum is essential to
reduce the contribution of background processes.

In addition to the search under the cut condition given in
Eq. (1), searches for a peak structure were done in the different
kinematical conditions as follows: (a) |t| < 0.3 (GeV/c)?2, (b) px <
0.8 GeV/c and (c) 0.842 GeV/c? < M(Ktm~) < 0.942 GeV/c2.
Here, px is the transfered momentum in the virtual d(K—, 7 7)X
reaction, and M(K*7 ™) is the invariant mass of K+ and 7 ~. The
cut conditions (a) and (b) correspond to selecting the especially
small transfered momentum. The production cross section of the

MMp (K') [GeV/c?]
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Fig. 5. (Color online.) Simultaneous fit result of (a) MMp(K* 7 ~) and (b) MMp(K™).
The processes used for fitting are listed in Table 1. The points with error bar de-
notes the observed histogram, and the red histogram denotes the summation of
contribution from each process after the fit. (c) The scatter plot of MMP(KﬂT’)
and MM, (K™).

K~ pp bound state is dependent on the kinematic condition, es-
pecially transfered momentum of the residual system. Although
the production mechanism of the K~ pp bound state is poorly un-
derstood, if the K~ pp bound state was produced via the sticking
process of the virtual K~ or intermediate resonance states, the
kinematic condition of small transfered momentum is expected
to enlarge the production cross section. The cut condition (c) cor-
responds to selecting K** production events. By applying the cut
condition (c), the K~ pp bound state was searched for in a differ-
ent reaction channel: the d(y, K*%)X reaction. If K** is produced
at forward angles, the exchanged particle in the t-channel is lim-
ited to K and « [22]. A peak structure was searched for in the
MMy(K*7~) spectrum under the conditions (a), (b) and (c), but
no structure was observed again.

4. Conclusion

We searched for the K~ pp bound state using the yd —
K* 7~ X reaction at E, =1.5-2.4 GeV. K™ and 7~ were detected
at forward angles. The differential cross section of the Ktm~
photo-production off deuterium was measured for the first time
in this energy region. A peak structure corresponding to the K~ pp
bound state was searched for in the inclusive MMy(K*7 ™) spec-
trum with the Log-likelihood ratio method. No peak structure was
observed in the region from 2.22 to 2.36 GeV/c?, and the up-
per limits of the differential cross section of the K~ pp bound
state production were determined to be (0.17-0.55), (0.55-1.7) and
(1.1-2.9) pb at 95% confidence level for I = 20,60 and 100 MeV,
respectively. These values correspond to approximately 1.5-20%
of the cross section of the typical hyperon photo-production. To
study the origin of the background, the MM, (K7 ~) spectrum
and the MMp(K™*) spectrum were fitted simultaneously by in-
cluding 15 background processes. The ¥y p — K+ A(1520) process
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and the yN — K*7~mw A/X process were found to be the main
contribution in the region from 2.22 to 2.36 GeV/c2.
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