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We have observed a “K ~ pp”-like structure in the d(mw+, K*) reaction at 1.69 GeV/c. In this
reaction, a A (1405) hyperon resonance is expected to be produced as a doorway to form K~ pp
through the A*p — K~ pp process. However, most of the A(1405) produced would escape
from the deuteron without secondary reactions. Therefore, coincidence of high-momentum
(>250 MeV/c) proton(s) at large emission angles (39° < 6,5, < 122°) was requested to enhance
the signal-to-background ratio. A broad enhancement in the proton coincidence spectra is
observed around the missing mass of 2.27 GeV/c?, which corresponds to the K~ pp binding
energy of 95 113 (stat.) 139 (syst.) MeV and the width of 162 *57 (stat.) 75 (syst.) MeV.

Subject Index D33

1. Introduction Whether or not kaonic nuclei exist is a key issue in developing our understand-
ing of the KN interaction in vacuum and in nuclear medium. Information on the K N interaction
has been obtained by analyzing low-energy K N scattering data and kaonic-atom X-ray data [1,2].

© The Author(s) 2015. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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The recent measurement of the energy shift and width on a kaonic-hydrogen X-ray at high preci-
sion by the SIDDHARTA group [3,4] has contributed a lot [5]. From the theoretical analyses using
these results, it is well known that the K N interaction has a strong attraction in the isospin 0 chan-
nel, which suggests the possible existence of kaonic bound-state formations [6—8]. Among them, the
K~ pp bound state composed of a K~ and two protons could be the simplest one, if it existed.

Since this is a three-body system, several groups (see the recent summary in Ref. [9], particularly
Table 1, and Refs. [10—12]) have calculated the binding energy and width of K~ pp by applying vari-
ous few-body calculation techniques, such as variational and Faddeev-type calculations. The obtained
binding energies are scattered over a broad range: 10-20MeV for shallow potential cases and
50—100 MeV for deep cases. The width would be as wide as 70 MeV because of the strong K N—7 &
coupling. In addition, there could be non-mesonic absorption contributions of KNN — A(X)N.

The first experimental evidence of the K~ pp bound state was reported by the FINUDA collabora-
tion [13] in the stopped K ~ absorption reactions on °Li, "Li, and '2C targets. They observed a lot of
A p pairs emitted back-to-back, and found the invariant mass of the pair to be significantly lower than
the K~ pp mass threshold. A binding energy of 115 J_rg’ (stat.) fi (syst.) MeV and a decay width of
=67 J_rﬁ‘ (stat.) “_Lg (syst.) MeV were obtained. However, there was a theoretical criticism [14—16]
of the interpretation of the observed structure as a K~ pp bound state.

Another piece of experimental evidence was reported by the DISTO collaboration [17]. They
measured the missing-mass and invariant-mass spectra in an exclusive reaction of pp — KT Ap
at 2.85GeV. A binding energy of 103 &£ 3(stat.) &= 5(syst.) MeV and a width of 118 + 8(stat.) £
10(syst.) MeV were obtained. However, they did not observe the signal at 2.50 GeV [18], maybe due
to the lower production cross section of A(1405) at this energy.

There is also a report of a narrow and much deeper binding for the K~ pp system observed in
p—*He annihilations at rest [19,20]. No peak was observed in the inclusive spectrum of the yd —
K7~ X reaction at E, = 1.5-2.4GeV [21].

Thus, the experimental situation for the K~ pp bound state is not conclusive at this moment.
It is important to obtain new experimental information in different reactions. In the J-PARC E27
experiment, we used the d (7™, KT) reaction at 1.69 GeV/c to produce the K ~ pp system, using the
A (1405) production as a doorway [22]. This is a simple production measurement with the smallest
final-state effects.

2. Experimental setup The experiment was carried out at the K1.8 beam line [23] of the hadron
experimental hall at J-PARC [24]. In this beam line, separated K+, 7%, p, and p beams up to
2 GeV/c are delivered. The details of the experimental setup for this measurement are described
in Refs. [25,26].

The beam line is equipped with a beam line spectrometer for the incident 7 momentum
reconstruction, composed of four quadrupole magnets and one dipole magnet. The outgoing K
momentum was reconstructed with the superconducting kaon spectrometer (SKS) with a momentum
resolution of Ap/p ~ 2 x 1073,

A liquid hydrogen/deuterium target was installed 1.3 m upstream of the entrance of the SKS mag-
net, so that the solid angle acceptance of the SKS was about 100 msr. The size of the target cell was
120 mm in length and 67.3 mm in diameter, containing 1.99 g/cm? of liquid deuterium.

2.1 Range counter arrays In order to suppress the large backgrounds coming from quasi-free
productions of hyperons (A and ¥) and hyperon resonances (A (1405) and X (1385)), a range counter
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Fig. 1. (a) Schematic view of the range counter system. It was composed of six range counter arrays; three on
the left (Segl to Seg3) and three on the right (Seg4 to Seg6) of the beam axis. SDC1 and 2 were the tracking
drift chambers at the entrance of the SKS. (b) A scatter plot between the P I D parameter and 1/8. Protons are
clearly separated from pions.

system was installed surrounding the liquid deuterium target at laboratory angles between 39° and
122°, on both the left and right sides from the beam axis, as shown in Fig. 1(a). The typical momentum
of the produced system around the missing mass MMy ~ 2.27 GeV/c? is about 0.6 GeV/c at the
scattering angle 6, ¢ ~ 0° and we have a large acceptance to detect charged decay particles. We had
three range counter arrays (RCAs) on each side and the assignment of the segment number is also
shown in Fig. 1(a).

Each range counter array had five layers of plastic scintillation counters; the thickness of each
scintillator was 1 ¢cm, 2 cm, 2 cm, 5 cm, and 2 cm, respectively, with a height of 100 cm. The width of
each layer was 20 cm. The first two layers were segmented into two slabs; each slab had 10 cm width.
Therefore, we had seven (2 + 2 + 1 4+ 1 4 1) scintillation counters in one range counter array. Every
scintillation counter was read out from both sides (up and down) by photo-multiplier tubes (PMTs).

From each PMT, both hit timing and pulse height information were obtained. The discriminator
threshold for the timing information was set at less than the one-tenth level of the minimum ionizing
particles. The timing information from the first layer was used for the on-line trigger and the time-of-
flight analysis off-line. The distance from the liquid target center to the first layer was about 50 cm.
In the on-line trigger, the (;r, K) trigger in coincidence with range counter hits was generated by
requiring at least one hit among the 12 first-layer scintillators.

From a hit pattern of five layers, we can define the stopping layer, isop, for each range counter
array. Then, we set up a particle identification parameter, PID, as,

PID = (dE,'Swp + dE(islop—l))a - (dE,'Swp)a, H

where d E; shows the energy deposit in the ith layer of the plastic scintillators. The PID is a function
of particle mass when the parameter c(~1.75) is properly adjusted.

The time-of-flight (TOF) of each particle was obtained with the hit timing in the first layer. The
flight path length was measured from the vertex position of the (w ™, K ) reaction to the hit position
on the first layer. In this analysis, the horizontal hit position was assumed to be the center of the
scintillators and the vertical hit position was obtained from the time difference between the up and
down PMTs. Then, the velocity of the particle (8) was obtained as 8 = (path length) /(TOF - ¢),
which was adjusted by using the 7+ produced from the ¥+ — 7w n decayinthe v 7d — KTXtX
reaction.
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Thus, we used the PID parameter and the velocity (8) for the particle identification between
proton and pion. Figure 1(b) shows an example of a scatter plot between PID and 1/ in the case
of isop = 4 in one of the RCAs. In this analysis, the proton was selected as the gate of &30 in PID
and £20 in 1/8 for each stopping layer. Protons are clearly separated from pions. The energy of the
proton was determined from the velocity.

From a study of the hydrogen target data, we could identify the proton from the = decay (X —
pr¥) with a detection efficiency of 65% for protons hitting the first layer of the RCA. The detection
efficiency was limited due to leakage of particles at the side edges of the RCA. The systematic error of
the detection efficiency might be overestimated by 20% at most, from our Monte Carlo simulations.

3. Inclusive and coincidence analyses Figure 2(a) shows the inclusive missing-mass (MM,)
spectrum for the mTd — KX reaction at 1.69 GeV/c at scattering angles between 2° and 14° in
the laboratory frame, which is a spectrum without acceptance correction. The overall missing-mass
resolution was estimated from the missing-mass spectraof 7 p — KT X% reactions at 1.58 GeV/c
and 1.69 GeV/c, and it was 2.8 £ 0.1 MeV /c? (FWHM). The details of the inclusive analyses were
reported in Ref. [26].

As shown in Fig. 2(a), the missing-mass spectrum is composed of three major components:
(I) the quasi-free #7n — KA contribution (QFA), (II) the quasi-free 77 p — KTXt and
ntn — K120 contributions (QFY), and (III) a mixture of the quasi-free 77N — KX (1385),
7tn — KTA(1405) (QFY*),and 7N — KT (A/X)7m (QFY 7). Between the QFA and QFX, we
have a small peculiar structure corresponding to a threshold cusp for the XN — AN conversion
process [26].

Next, we request the coincidence of one proton. According to our detector simulation, a proton
emitted from the QFA, QFX, QFY*, and QFY 7 processes rarely hits the RCA; only a small fraction
in the very forward segments (Segl, 4) does. The spectator proton in a deuteron rarely exceeds an
analysis threshold momentum of 250 MeV/c. Therefore, we can expect good suppression of the
quasi-free processes in the one-proton coincidence spectrum.

Figure 2(b) shows a coincidence spectrum with one proton in the middle segments of the RCA on
each side (Seg2, 5). These segments have an almost flat and wide acceptance in missing mass, while
the backward segments (Seg3, 6) have a limited acceptance for K~ pp. Note that there would be no
quasi-free contributions in this spectrum according to the simulation. Possible non-quasi-free contri-
butions are the K~ pp signal emitting through K~ pp — A () p, the threshold cusp background
emitting through a strong conversion of X*n — Ap, and backgrounds of quasi-free hyperons and
hyperon resonance productions followed by conversions such as ¥ N — AN.

In Fig. 2(c), we present a ratio histogram between the one-proton coincidence spectrum (Fig. 2(b))
and the inclusive one (Fig. 2(a)). This is a spectrum without acceptance correction for the RCA.
The vertical axis shows the proton coincidence probability as a function of the missing mass. The
contamination from the misidentification of 77 7/~ in the RCA, which is estimated by the side-band
events in P D, is shown by hatched spectra in Figs. 2(b) and (c¢). The contamination fraction of this
component is about 7% around MMy ~ 2.27 GeV /c?.

We notice that there are two prominent structures: one at the threshold cusp position (2.13 GeV/c?)
and a broad bump at around 2.27 GeV/c2, which could be a signal of the “K ~ pp”-like structure. In
the QFX and QFY ™ regions, the proton coincidence probability is smaller than the two prominent
structures and stays rather constant.
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Fig. 2. (a) Inclusive missing-mass spectrum of the d(7+, K ™) reaction at 1.69 GeV/c at laboratory scattering
angles from 2° to 14°. (b) Missing-mass spectrum of the d (™, K™) reaction with one proton in the mid-
dle of the RCA on each side (Seg2, 5). (c) The coincidence probability of a proton obtained by dividing the
coincidence spectrum (b) with the inclusive spectrum (a). Hatched spectra show the contamination from the
misidentification of w* in the RCA.

At this stage, the acceptance of our range counter system is not taken into account. The accep-
tance correction needs information on the decay modes of the “K ~ pp”-like structure. This study
was carried out by requiring coincidence of two protons in the RCAs. All possible combinations of
two segments were used in this analysis; the combination of Segl and 4 gives the largest yield.
In such a condition, we can measure the missing mass of X in the d(wx™, K+ pp)X process by
detecting two protons in the decay of the pp X system, the mass of which is MMy, in three cate-
gories: (i) Ap, A — pn—, (i) 2%, % - Ay — pr~y, and (iii) Y7N — ppn . The first two
modes, (i) and (ii), are non-mesonic and the X is one pion (and y). The last one, (iii), is mesonic
and the X is two pions. Therefore, the missing-mass spectrum of My should show different dis-
tributions for each decay mode. Figure 3 shows such missing-mass square spectra for My. Three
distributions estimated for each decay mode are shown in the figure by fitting the height of each
template distribution. These templates were made from the simulation, which assumes the reaction
of ttd — KTW, W — pY(p(Yw)) with uniform productions and decays in the center-of-mass
system. The probability of each final state has been estimated from the fitting of M)Z( spectra.

Thus, we can correct the missing-mass spectrum with the acceptance of the RCAs, which depends
on the decay mode. Each event is given a weight, equal to the probability of belonging to a specific
decay mode, as a function of MM, and M)z(. The RCA acceptance is almost smooth in the missing
mass except near the threshold of each decay mode. Figure 4(a) shows a missing-mass distribution for
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Fig. 3. Missing-mass square spectra of X obtained in two-proton coincidence events in the
d(z™, KT pp)X reaction. Each spectrum shows the mass square of X for a different MM, region: the
left (a) shows the QFX region (MM, < 2.22GeV/c?), the center (b) shows the “K~ pp”-like structure
region (2.22 < MM, < 2.35GeV/c?), and the right (c) shows the QFY* region (MM, > 2.35GeV/c?). The
spectra were fitted with three components of Ap (dashed line), £°p (dot-dashed line), and Y7 p (dotted line)
decay modes.

two-proton coincidence events of the =9 p final state (ii) with the acceptance correction. According to
the simulation, the contribution of the £°p — £0p rescattering background is negligible because of
the two high-momentum proton coincidence. The spectrum was fitted with a relativistic Breit—Wigner
function:

2/m)MMamoI (q)
(m3 — MM3)2 + (moT'(¢))?

JfMMy) = 2

The mass-dependent width was ['(g) = I'g(¢/qo), in which g (go) is the momentum of the
9 and proton in the £%p rest frame at mass MM, (mo). The obtained mass and width are
2275 ﬂ; (stat.) fg(l) (syst.) MeV/c? and 162 J_rig (stat.) fg’g (syst.) MeV, respectively. This cor-
responds to the binding energy of the K~ pp system of 95 “_Lig (stat.) 3(1) (syst.) MeV and the
production cross section of the “K ~ pp”-like structure decaying to £°p of do/d2 K- pp—30p =
3.0 £0.3 (stat.) ”_L?:Z (syst.) ub/sr. The systematic errors of these values were estimated taking into
account uncertainties in the fitting ranges, the binning of the missing-mass spectrum, the detec-
tion efficiency of two protons in the RCA, and the Breit—Wigner shape by changing the Lorentzian
function folded with the missing-mass resolution. The differential cross section of the “K ~ pp”’-
like structure of the Ap decay mode (i) was also estimated from the fitting assuming the same
distribution of MM,. Thus, a branching fraction of the “K~ pp”-like structure was obtained as
Lap/Txo, =092 “_ng%g (stat.) fg:gg (syst.). This ratio was discussed from a theoretical point of
view and predicted to be 1.2 using the chiral unitary model in Ref. [27].

Next, we try to understand the ratio histogram (Fig. 2(c)) with the obtained K ~ pp mass distribution
of f(M My). By using the mass distribution for the “K ~ pp”-like structure and the double-differential

. . . 2 . .
cross section of the inclusive (7 +, K) process dQZ—AZMd(M M Dinclusive» W€ can obtain the ratio
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Fig. 4. (a) Missing-mass spectrum of the d (w+, KT) reaction for two-proton coincidence and the £°p decay
branch events. The mass acceptances of the RCAs are corrected. The spectrum was fitted with a relativistic
Breit—Wigner function (see text for details). We found a mass 2275 +18 (stat.) 73 +2 (syst ) MeV/c? and a width
162 *87 (stat.) TS (syst.) MeV. (b) The coincidence probability of one proton for the middle segment of the
RCA, as in Fig. 2(c), together with the interpretation spectra shown as a colored line. See text for details.

histogram, shown in Fig. 4(b) as a plot colored in pink, which is calculated as

Ry (MMy) = C x f(MMy) x mp(MMd)’ 3)

(m (M Mg))inclusive

where C is the normalization constant, and 1y, (M M) is the detection efficiency of a proton in the
middle segments of the RCA (Seg2, 5). The blue line in Fig. 4(b) is an assumed flat component rep-
resenting the conversion processes and the contamination from the misidentification of 7 in the
RCA. Red points with error bars in Fig. 4(b) are the sum of the pink points and blue line. The nor-
malization constant C and the amplitude of the flat component (blue line) were adjusted to minimize
the differences between the black and red points. Thus, the obtained one-proton coincidence prob-
ability spectrum of the broad enhanced region could be reproduced by the “K ~ pp” signal and flat
background.

What is the nature of the “K ~ pp”’-like structure? It should have strangeness — 1 and baryon number
B =2 from the observed reaction mode, so that the hyper charge Y = 1. As for the spin of the
K~ pp system, a K~ is theoretically assumed to couple with a spin-singlet (S = 0) p—p pair in
an S-wave (L = 0), so that the J© = 0~, presumably. An alternative view of the system as a A*p
bound state [28] also predicts the bound-state spin to be 0. There is also a theoretical prediction of a
v, 1,7 =, 3/2,27%) dibaryon as a  AN-7 £ N bound state [29].

4. Summary We have observed a “K~ pp -like structure in the d(x™, K*) reaction at
1.69 GeV/c with coincidence of high-momentum (>250 MeV /c) proton(s) at large emission angles
(39° < Bjap. < 122°). A broad enhancement in the proton coincidence spectra is observed around
the missing mass of 2.27 GeV/c?, which corresponds to a binding energy of the K~ pp system of

95 +17 (stat.) +§(1) (syst.) MeV and a width of 162 +85 (stat.) +gg (syst.) MeV. The branching fraction
between the Ap and £°p decay modes of the “K ~ pp”-like structure was measured for the first time
as Tap/ Tgo, = 0.92 7015 (stat.) 1739 (syst.).
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