Check for
updates

Proceedings of the 8th International Conference on Quarks and Nuclear Physics (QNP2018)
Downloaded from journals.jps.jp by Deutsches Elek Synchrotron on 11/15/19

Proc. 8th Int. Conf. Quarks and Nuclear Physics (ONP2018)
JPS Conf. Proc. 26, 022014 (2019)
https://doi.org/10.7566/JPSCP.26.022014

Non-strange Dibaryon Resonances Observed in Coherent
Double Neutral-Pion Photoproduction on the Deuteron

Takatsugu Isuikawa!, Hisako Funmural"’, Hiroshi Fukasawal, Ryo HasHmoro?$,

Qinghua He', Yuki Honpa!, Takahiro IwaraZ, Shun Kama!, Hiroki Kanpa®!3,

Jirohta Kasacr', Atsushi Kawano®, Shuzo Kuwasakr', Kazushige MaEDAY,

Shin’ichi Masumoro®, Manabu Mrvaee!, Fusashi Mrvanara!*?, Kei’ichi Mocuizuk1!,
Norihito Muramarsu!, Akihiko Nakamura!, Ken’ichi Nawa!, Shoei Ocusst!,
Yasuyuki OkaDpA!, Yoshihito ONoDERA!, Kyoichiro 0zawa®, Yasunobu SAKAMOTO?,
Mamoru Saro!, Hajime Summizu!, Hiroyuki Sucar10, Koutaku Suzuki!!!,
Yasuhisa TanmaZ2, Shin’ichiro Takanasti!, Yusuke Taniguchi!, Yusuke TSUCHIKAWA!,
Hirohito Yamazaki!?, Ryuji Yamazaki', and Hiroshi Y. Yosuma! (the FOREST

collaboration)

I Research Center for Electron Photon Science (ELPH), Tohoku University, Sendai 982-0826, Japan
2 Department of Physics, Yamagata University, Yamagata 990-8560, Japan

3 Department of Information Science, Tohoku Gakuin University, Sendai 981-3193, Japan

4 Department of Physics, Tohoku University, Sendai 980-8578, Japan

> Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

® Institute of Particle and Nuclear Studies (IPNS), High Energy Accelerator Research Organization
(KEK), Tsukuba 305-0801, Japan

7 Department of Physics, Wakayama Medical University, Wakayama 641-8509, Japan

8 Institute of Materials Structure Science (IMSS), High Energy Accelerator Research Organization
(KEK), Tsukuba 305-0801, Japan

% Accelerator Laboratory, High Energy Accelerator Research Organization (KEK), Tsukuba
305-0801, Japan

19 Department of Quantum Science and Energy Engineering, Tohoku University, Sendai 980-8579,
Japan

"' The Wakasa Wan Energy Research Center, Tsuruga 914-0192, Japan

12 Radiation Science Center, High Energy Accelerator Research Organization (KEK), Tsukuba
305-0801, Japan

13 Research Center for Nuclear Physics, Osaka University, Ibaraki 567-0047, Japan

E-mail: ishikawa @ Ins.tohoku.ac.jp

(Received January 17, 2019)

A B = 2 system (dibaryon) is an interesting object to investigate a phase change of the basic con-
figuration from a molecule-like state (such as the deuteron) to a spatially-compact hexaquark hadron
state. To study dibaryon resonances, we have investigated coherent double neutral-pion photopro-
duction on the deuteron in which non-resonant processes are suppressed. The total cross section as
a function of the yd center-of-mass energy shows resonance-like behavior peaked at around 2.47
and 2.63 GeV. The measured angular distribution of deuteron emission is rather flat, which can-
not be reproduced by kinematics for quasi-free 7°7° production with deuteron coalescence. In n°d
invariant-mass distributions, a clear peak is observed at 2.14 + 0.01 GeV with a width of 0.09 = 0.01
GeV. The present work gives strong evidence not only for the 2.14-GeV isovector dibaryon, which
is a key state to establish the theoretically predicted dibaryon sextet, but also for 2.47- and 2.63-GeV
isoscalar dibaryons.
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1. Introduction

The study of B = 2 systems (dibaryons) has a long history [1]. A dibaryon is an interesting ob-
ject to study its basic configuration from a molecule-like state consisting of two baryons (such as the
deuteron) to a hexaquark hadron state, which is expected to appear as a spatially-compact exotic par-
ticle. An early work by Dyson and Xuong [2] predicts the sextet of non-strange dibaryons 9D;; with
isospin I and spin J (Do, D1g, D12, D21, Doz, and D3g) based on the first known dibaryon, deuteron
(Do), the 'S o-NN virtual states (Do), and a resonance-like structure (a candidate for Dy,) at M=2.16
GeV/c? for the 'D,-pp amplitude of the partial wave analysis for the 7td — pp reaction [3]. The
recent observations of the d*(2380) (Dy3) by the CELSIUS/WASA and WASA-at-COSY collabora-
tions [4, 5] have made us pay attention to this classification. It is important to establish the excitation
spectrum of dibaryons in order to understand their internal structures and basic building blocks of
hadrons. Many experimental investigations of the sextet members have been made, and candidates
for almost all the members seem to be found [6—-10]. However, the dibaryonic interpretations of the
experimental data for some members are still questionable.

The candidate for the 9, state is given as the 3p, multipole strength at M=2.18 GeV/c? in ntd
elastic scattering by a partial-wave analysis [6]. The corresponding 'D,-pp amplitude also shows
the same structure in the 7*td— pp reaction [7]. The SAID group provides a pole for D1, [8] from
a combined analysis of these reactions. Although the nd system has a resonance-like structure at
approximately 2.15 GeV/c?, the structure can be also understood as a quasi-free (QF) A excitation
from a nucleon in the deuteron. It is important to confirm whether the 2.15-GeV/c? resonance can be
interpreted as a dibaryon or not. The D, is a key state to understand the sextet of dibaryons.

In photoinduced reactions, the yd—n"d reaction is a convenient approach to study D;». Even if it
is observed, it can be also understood as a quasi-free (QF) A excitation from a nucleon in the deuteron
similarly to the 7*d — pp and 7td — n*d reactions. The yd—nr°7"d reaction is more advantageous
to study D1, in the 7°d subsystem because the QF A excitation is kinematically separable as discussed
later. Thus, we study the yd—7r°7d reaction, aiming to observe isovector Dy, in the 7°d system
through 7° decay from a possible higher-mass isoscalar dibaryon in the 7%7%d system.

2. Kinematics

An important concept is discussed first to separate the mechanisms for QF #° production and
dibaryon production before moving on to the experiments. Possible mechanisms for the yd—r°%d
reaction can be classified in the following three:

(a) QF 7970 production on a nucleon followed by deuteron coalescence (QFC),

(b) the first 7° is emitted from the QF nucleon, subsequently the NN (AN) reaction occurs with
the spectator nucleon to generate an isovector resonance Ryy, followed by the second 7% and

deuteron emission, and

(c) both one 7n° is emitted from a photo-produced isoscalar dibaryon Rjg, leaving an isovector

dibaryon Ryy, successively another 7° is emitted from Ryy.

In (a), the second ¥ should be emitted to compensate for the momentum given to the QF participant
nucleon by the first emitted 7° to coalesce into a deuteron. In this case, the angular distribution of
deuteron emission in the center-of-mass (CM) frame shows strongly backward peaking. As for (b),
the condition to coalescence of Ryy make the distribution sideway peaking at the incident photon
energy around 1.2 GeV. A rather flat distribution is obtained in (c). Since the three mechanisms give
completely different angular distributions, we can separate (or distinguish) the three mechanisms.
Fig. 1 shows the diagrams for the three possible mechanisms for the yd — n°7%d reaction. The
calculations performed by Fix and Ahrenhovel (FA) [11] are based on a QFC mechanism, and the
angular distribution of deuteron emission actually shows strongly backward peaking as shown later in
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Fig. 3. The behavior of an angular distribution in each mechanism can also be given by a Monte-Carlo
simulation easily.
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Fig. 1. Possible mechanisms for the yd — n°7°d reaction. (a) Two neutral pions are photoproduced on the
QF participant nucleon N, followed by coalescence of N, and spectator nucleon N, into a deuteron. (b) One
pion is photoproduced on N, successively coalescence of N, (or A produced from N,) and N into an isovector
resonance Ry, decaying into a pion and deuteron. (c) An isoscalar resonance Rjg is photoproduced from the
deuteron. The Rjs decays into Ry by emitting a pion, and successively Ry decays into the deuteron by emitting
another pion.

3. Experiments

The total and differential cross sections were measured for the yd—7n’7d reaction at the Re-
search Center for Electron Photon Science (ELPH), Tohoku University [12]. A bremsstrahlung pho-
ton beam was provided by inserting a carbon fiber into the 1.2-GeV circulating electrons [13-16] in
a synchrotron at ELPH. The energy of each photon was determined by measuring the trajectory of
the corresponding post-bremsstrahlung electron. The tagging energy of the photon beam ranged from
0.75 to 1.15 GeV, and the typical tagging rate was 20 MHz. The target used in the experiments was
liquid deuterium with a thickness of 45.9 mm. All the final-state particles in the yd—nr’n%d reaction
were measured with the FOREST detector [17]. FOREST consists of three different electromagnetic
calorimeters (EMCs), and a plastic-scintillator hodoscope (PSH) is placed in front of each EMC to
identify charged particles.

4. Results

The analysis of the yd — n°7%d reaction was made in the same way as in Ref. [19]. We selected
the events containing four neutral particles and a charged particle, and applied a kinematic fit with
six constraints: energy and three-momentum conservation, and every yy invariant-mass being the 7°
mass. Events for which the y? probability is higher than 0.4 are selected to reduce those from other
background processes. A rather higher lower limit for the probability was introduced to suppress the
events from deuteron misidentification in the most competitive QF yp’—n7"p reaction.

The total cross section as a function of yd center-of-mass system W,; shown in Fig. 1 is not
monotonically increasing but shows resonance-like behavior peaked at around 2.47 and 2.63 GeV. A
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naive interpretation of this behavior may be a QF excitation of the nucleon in the deuteron. Looking
into differential cross sections, the kinematic condition for the obtained data is found to completely
differ from the QFC process.
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Fig. 2. Total cross section o as a function of W,,. The blue squares show o obtained in this work, while
the cyan circles show that presented in Ref. [19]. The horizontal error of each data point corresponds to the
coverage of the incident photon energy, and the vertical error shows the statistical error of o~. The solid and
green dotted curves show theoretical calculations given in Ref. [11] and [18], respectively. The dashed red
curve) shows the fitted function: a sum of three BW peaks and phase-space contributions. Each contribution to
it is shown in a dash-dotted magenta curve. The lower hatched blue and cyan histograms show the systematic
errors of o in this work and in Ref. [19], respectively.

The differential cross sections, do/dMyy, do/dMy4, and do/dQ, are obtained for each group of
photon-tagging channels divided into four groups. Fig. 3 shows do/dM,, do/dMy; and do |/ d€),; for
the photon tagging group corresponding to W,; = 2.7-2.8 GeV. The angular distribution of deuteron
emission (do/d€),) is rather flat, and the kinematic condition for the obtained data completely differs
from the QFC (dashed green curve: strongly backward peaking) and semi-QF (dotted magenta curve:
sideway peaking) processes. Thus, we consider the possibility that the resonance-like structure in
Fig. 2 might be due to a manifestation of isoscalar dibaryons. In the observed reaction, both the
two nucleons obviously participate before emitting n%s. The differential cross section do-/dM, as
a function of nd invariant-mass M,; shows two peaks. The centroid of the low-mass peak is ~2.14
GeV/c? independently of the incident energy. However, that of the high-mass peak decreases with a
decrease of the incident energy, and finally the two peaks are merged into a bump. The high-mass peak
reflects the appearance of the 2.14-GeV/c? peak in do/d My between the other pion and deuteron
(reflection). The do/dM,, shows no prominent feature, increasing monotonically with increase of
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M, from the minimum to the maximum of the available energy. In contrast, the momenta of the two
7% are correlated in the QFC mechanism. This is partly because the quasi-free yn — 7%7% reaction
shows an enhancement in the central part of the M, spectrum [21,22]. Additionally, to coalesce into
a deuteron, the two 7% should be emitted so as to compensate for the momentum given to the QF
participant nucleon. Therefore, every FA calculation yields an enhancement in the central region of

the spectrum.
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Fig. 3. Differential cross sections do-/d My, (left), do-/d My, (central), and do/dQ, (right) for W,; = 2.7-2.8
GeV. The lower hatched cyan histograms show the corresponding systematic errors. The dashed green curves
show the FA calculations based on the QFC mechanism. The solid red and dotted magenta curves correspond
to the pure phase-space and semi-QF processes, respectively, where their yields are normalized so that the total
cross section should be the same.

The resonance-like structure Ry in Fig. 3 gives a mass of 2.14+0.01 GeV/c? with a width of
0.09+0.01 GeV/c?. The mass is slightly lower than the sum of the N and A masses (~2.170 GeV/c?),
and the width is narrower than that of A (~0.117 GeV/c?) [23]. This may suggest that the peak is
interpreted as an NA quasi-bound state. The angular distributions for the two 7°s limit J* of the state
to 1%, 2%, or 37. The 2* assignment is consistent with the theoretically predicted D, state, and with
the resonance structure of the *P,-7d amplitude. The details of the analysis for the 2.14-GeV peak in
do/dM,, are discussed in Ref. [20].

5. Discussion

A preliminary result for the excitation function of the total cross section obtained by the A2 col-
laboration at the Mainz MAMI accelerator also apparently showed a similar enhancement above an
incident energy of 0.41 GeV (W,4 = 2.22 GeV) [24]. A set of differential cross sections is awaited to
confirm the dibaryonic interpretation of the observed peaks in the excitation function. Recently, pre-
liminary results for D, candidates observed in the yd—n* 7~ d reaction are reported [25,26], showing
a peak with M = 2.1-2.2 GeV and I" =~ 0.1 GeV both in the n*d invariant-mass distributions. The
peak position is close to the sum of the N and A masses. The observed peak seems to be interpreted
as D12, and the final results are strongly desired to study a production mechanism of Dy;.

6. Summary

The total and differential cross sections have been measured for the yd—r°7%d reaction at ELPH
with incident energies from 0.75 to 1.15 GeV. The total cross section as a function of W,; shows
resonance-like behavior peaked at around 2.47 and 2.63 GeV. The experimental angular distributions
of deuteron emission are rather flat, and they can never be understood in the QFC mechanism. A
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peak with M = 2.14 + 0.01 GeV and I' = 0.09 + 0.01 GeV are observed in the 7°d invariant-
mass distribution. The present work shows evidence for the existence of the 2.14-GeV/c? isovector
dibaryon in the 7°d channel, and of the 2.47- and 2.63-GeV isoscalar dibaryons in the 7°7°d channel.
The details including figures can be found in Ref. [20].
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