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We have studied the interaction between the eta meson and deuteron (nd interaction) from measurement
of cross-sections for coherent neutral-pion and eta-meson photoproduction on the deuteron (yd — TrOnd)
using the photon beam at the Research Center for Electron Photon Science (ELPH), Tohoku University,
Japan. We have found a narrow resonance-like peak in the nd subsystem in the vicinity of the threshold,
suggesting strong nd attraction. The sharp backward-peaking angular dependence of deuteron emission,
predicted by the existing theoretical calculations, does not appear. We discuss a possible production
mechanism of the yd — 7°nd reaction and the possibility of using coherent 7° and 1 photoproduction

on a nucleus to study the np-nuclear interaction.
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1. Introduction

How is the matter existing around us composed,
how was it born, and how does it evolve? To ap-
proach this fundamental mystery of the universe,
we have been pursuing the smallest building blocks,
“elementary particles,” by breaking down matter.
Now we know that elementary particles, quarks and
gluons, form the first matter “hadrons,” such as pro-
tons and neutrons (collectively called nucleons) that
make up atomic nuclei. Quarks and gluons moving
freely in the early universe formed hadrons, being
confined within them as the temperature decreases
and interaction becomes stronger, acting on quarks
and gluons. The mass of a hadron is much larger
than the sum of masses of quarks comprising it. The
hadron formation led to the generation of a large
amount of matter mass and made the first step in
the evolution of matter. Since quarks and gluons
cannot be observed alone owing to their confine-
ment, their dynamics can only be studied through
hadronic phenomena.

Hadron-hadron interaction provides crucial in-
sight into quantum chromodynamics (QCD), a fun-
damental theory of strong interaction, in the non-
perturbative regime. A hadron is considered an
excitation of the QCD vacuum described by various
non-vanishing condensates. Chiral symmetry break-
ing is considered to be responsible for making (gq)
condensate, which plays a role as resistance for mov-
ing quarks and thus dynamical mass generation of
hadrons. The condensate depends on the environ-
ment, temperature, and density. We can expect a
finite decrease in the condensate inside a nucleus,
leading to a decrease in hadron masses.
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This scenario also predicts the existence of the
chiral partner of a hadron with the same mass and
the same quantum numbers except for the parity
at the chiral limit, where chiral symmetry is not
breaking and (Gg) condensate is absent. Currently,
the N(1535)1/27 nucleon resonance is speculated
to be the chiral partner of the nucleon. Therefore,
the nucleon (N) and N* = N(1535)1/2" are ex-
pected to degenerate, leading to a decrease in the
mass difference between N and N* as the chiral
condensate decreases [1, 2]. Since N* strongly cou-
ples to the n meson and nucleon in free space, the n
meson is a mixed state between the pure 7 state
and N*-particle and N-hole (N*—N) state. The
pure 7 state is lower by 48 MeV than the N*—N
state, leading to an attractive n-nuclear force. In
a nucleus, the pure 7 state could be higher than
the N*—N state owing to the degeneration of N*
and N, leading to a repulsive n-nuclear force. This
level crossing gives rise to both the n-nuclear bound
states and resonant states when 7 mesons are pro-
duced in a nucleus [3, 4]. We can observe neither of
them if the decrease in chiral condensate is not large
enough and the level crossing does not take place in
a nucleus. Currently, no clear evidence is obtained
for an n-nuclear state for light nuclei [5, 6]. Tt is
necessary to study n-nuclear interactions in more
detail [7].

A traditional tool for studying the n-nuclear
interaction is single 7 production from a nu-
cleus. A significant increase in the 7 yield
at low relative n-nuclear momenta observed in
the reactions pd — n3He [8], dp — n*He [9, 10],
v3He — n*He [11-13], 4"Li — n"Li [14, 15] is inter-
preted as a signature of attractive forces between
the 1 and nucleus.
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A significant amount of information on the low-
energy n-nuclear dynamics has been obtained from
the final-state interactions in the pn — nd [16, 17]
and pd — npd [18, 19] reactions. Despite large cross-
sections of these hadronic processes, their analysis
can be complicated by various ambiguities associ-
ated with the initial-state interaction and domi-
nance of various two-step mechanisms, leading to
undesirable model dependence.

These disadvantages are overcome by turning to
electromagnetic processes where it is not neces-
sary to consider the initial state interaction. The
coherent photoproduction of 7°n pairs on a nu-
cleus, yA — 7%nA, is especially suitable for study-
ing the n-nuclear interaction. Although there are
three hadrons in the final state, a condition of
low eta deuteron relative momentum can be pro-
vided. The w%-nuclear interaction is expected to
result in a trivial small decrease in the 7° yield
due to absorption by the residual nucleus. The 77
interaction is small, at least at low energies be-
low a((980). Furthermore, the underlying elemen-
tary process YN — 79N is rather well under-
stood, where the excitation of the A(1700)3/2~ and
A(1940)3/27 resonances is followed by their de-
cay into nA and successively into the final 7nN
state. We have studied the nd interaction from the
vd — 7nd reaction at first, although level cross-
ing is not expected owing to the low density of
a small nuclear system, the deuteron. The results
shown in this manuscript are based on the published
papers [20, 21].

2. Experiment

A series of meson photoproduction experi-
ments [22] were carried out using a bremsstrahlung
photon beam [23-26] at the Research Center for
Electron Photon Science (ELPH), Tohoku Uni-
versity, Japan [27], which was reorganized into
the Research Center for Accelerator and Ra-
dio Isotope Science (RARiS) [28] on April 1,
2024. Bremsstrahlung photons were produced from
1.20 GeV circulating electrons in a synchrotron,
called the STretcher Booster (STB) ring [29], by in-
serting a carbon wire. The photon energy, ranging
from 0.75 to 1.15 GeV, was determined by detect-
ing the post-bremsstrahlung electron with a photon-
tagging counter, called the STB-Tagger II [23].

The target used was liquid deuterium with a
thickness of 45.9 mm. All the final-state par-
ticles in the vd — 7%d — ~yyyd reaction
were measured with the Four-pi Omni-directional
Response Extended Spectrometer Trio (FOREST)
detector [30] consisting of three different electro-
magnetic calorimeters (EMCs): pure cesium iodide
crystals in the forward region, lead and scintillating
fiber modules in the central, and lead glass counters
in the back. A plastic-scintillator hodoscope (PSH)
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Fig. 1. Total cross-section o as a function of the
incident photon energy E.. The blue circles show
o obtained in the ELPH facility [20, 21], and the
magenta triangles obtained in another facility in
Mainz [34]. The lower hatched histogram shows
the systematic uncertainty considered in [20, 21].
The data are compared with the existing calcula-
tions [35, 36]. The red curves show the calculations
by Egorov and Fix [35], and the black show those
by Egorov [36]. The dotted curves represent the
calculations based on the impulse approximation,
namely mesons are produced from the participant
nucleon. The calculation by Egorov also includes
the pion scattering N - nN’ and pion absorp-
tion 7 N — N’ on the spectator nucleon. The solid
curves incorporate the meson nucleon final-state in-
teraction effects.

was placed in front of each EMC to identify charged
particles. The forward PSH could determine their
impact positions precisely without using informa-
tion from the corresponding EMC. The trigger con-
dition of the data acquisition required the detection
of multiple particles in coincidence with a photon-
tagging signal.

3. Analysis

At first, we select the events containing four neu-
tral particles as candidates for four photons and a
charged particle as a candidate for the deuteron. To
reject neutrons, we require the same time response
between any two neutral clusters out of four. The
deuteron is detected with the forward PSH, and the
time delay is required to be longer than 1 ns with
respect to the timing response of the four neutral
particles. The energy deposit is also required to be
greater than twice that of the minimum ionizing
particles. We utilize a sideband background sub-
traction method to remove accidental coincidence
between photon detection with the FOREST detec-
tor and electron detection with the STB-Tagger II
counters.
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Differential cross-sections do/dMrq (a) and do/dMyq (b).
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The top panels show the data at

E, = 1.01-1.15 GeV, and the bottom panels show those at E, = 0.95-1.01 GeV. The lower hatched his-
tograms are the corresponding systematic errors. The green dotted curves represent the pure phase space,
which is normalized so that the corresponding total cross-section meets the measured one. The magenta
dashed, red solid, and orange dot-dashed curves show, respectively, the impulse-approximation calculations,
the full calculations with the set of the nN parameters corresponding to ayn = 0.75 + 10.27 fm, and those
with apny = 0.50 4+ 10.33 fm (do/dM,;q only) by Egorov and Fix [35]. The black solid curves show the full

calculations by Egorov [36].

For the further event selection, we apply a kine-
matical fit with six constraints for the vd — 7%nd
reaction: energy and momentum conservation be-
tween the initial and final states provides four
constraints, with each two-photon invariant mass
being the rest mass of the neutral pion or eta
meson providing one, namely two in total. The
events are selected with a x? probability higher
than 0.2 to remove the background processes. Ad-
ditionally, quasi-free yp — 7np events are removed
by using a kinematic fit with the corresponding
hypothesis.

4. Results

The cross-sections were obtained by estimating
the number of effective incident photons, the num-
ber of target deuterons, and the acceptance of
yyy~vd detection in a Monte Carlo simulation based
on Geant4 [31-33]. Here, event generation was mod-
ified from pure phase space to reproduce the fol-
lowing three measured distributions: the 7°d invari-
ant mass Mrq, the nd invariant mass M,,4, and the
deuteron emission angle cos(64) in the vd center-of-
mass (CM) frame.
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4.1. Total cross-section

Figure 1 shows the total cross-section ¢ as a func-
tion of the incident photon energy E. (excitation
function) together with the results from Mainz [34].
The data are compared with the existing theoreti-
cal calculations [35, 36]. The calculations are based
on the impulse approximation, namely mesons are
produced from the participant nucleon. The calcu-
lation by Egorov also includes the pion scattering
7N — 1N’ and pion absorption 7*N — N’ on
the spectator nucleon. Both the calculations also
incorporate the meson nucleon final-state interac-
tion effects. Here, the nd interaction plays a dom-
inant role, as shown in threshold enhancements of
dO’/ dMnd-

4.2. Differential cross-sections

Figure 2a shows the differential cross-sections
do/dM 4 (M4 — invariant mass distribution), ex-
hibiting a peak at around the sum of the N and A
masses. This suggests that quasi-free A production
takes place or a AN correlated state is produced.
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Fig. 3. Angular differential cross-sections
do/df2¢. The top panel shows the data at

E, = 1.01-1.15 GeV, and the bottom panel shows
those at E, = 0.95-1.01 GeV. The lower hatched
histograms are the corresponding systematic errors.
The green dotted curves represent the pure phase
space, which is normalized so that the correspond-
ing total cross-section meets the measured one. The
magenta dashed, red solid, and orange dot-dashed
curves show the impulse-approximation calcula-
tions and the full calculations with the set of the
nN parameters corresponding to a,n = 0.75+10.27
fm by Egorov and Fix [35]. The black solid curves
show the full calculations by Egorov [36].

The calculations by Egorov and Fix reproduce this
behavior well, although some discrepancies can be
observed at low masses. On the other hand, the cal-
culations by Egorov do not reproduce it completely.

Figure 2b shows the differential cross-section
do/dM,q (M,s — invariant mass distribution),
showing a prominent peak near the nd threshold.
The S-wave attraction between the 1 and deuteron
is responsible for this peak, where the low relative
momenta condition satisfies the nd system. The cal-
culations by Egorov and Fix well reproduce this
behavior when the 7nd final-state interactions are in-
corporated in terms of the a,n scattering length.
The best a,n to reproduce the M, invariant mass
distribution is a,xy = 0.50 + 10.33 fm. The calcu-
lations by Egorov do not reproduce the M,  distri-
bution, especially the rapid rise of do/dM,q at low
nd relative momenta.

Figure 3 shows the angular distribution of
deuteron emission do/df? in the center-of-mass
frame, which is rather uniform, similar to those
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obtained in the vd — 7%7%d reaction. Both the cal-
culations by Egorov and Fix and those by Egorov
do not reproduce this behavior. The former show
strongly backward-peaking distributions. The lat-
ter do not show such behavior. The common fea-
ture of the theoretical calculations is very small
do/df2; at forward angles. This would suggest that
the vd — 7%nd reaction can not be described
in a coherent sum of elementary amplitudes and
that some two-baryon correlated state shows up
in each step of meson emission. The FOREST de-
tector does not include the magnetic spectrometer,
thus the particle identification power of the forward-
going deuteron is questionable. Yet, recent results
from the BGOOD (BGO-Open Dipole) experiment,
which possesses the dipole magnetic spectrometer
at forward angles, also give completely consistent
differential cross-sections do/d{? at forward angles
(cos(#) > 0.8) of deuteron emission in the center-of-
mass frame [37]. Completely different angular dis-
tributions are obtained in experiments. This does
not suggest that a simple coherent sum of elemen-
tary amplitudes reproduces the data. Afterward,
new calculations for yd — 7%nd, which incorporate
various diagrams including pion scattering on the
spectator nucleon and triangle singularity, try to in-
terpret the vd — 7%nd reactions [38]. Although the
invariant mass distributions are well reproduced,
the uniform angular distribution of deuteron emis-
sion cannot be reproduced.

Currently, no convincing evidence for an 7-mesic
nucleus has yet been obtained. Coherent photopro-
duction of 7° and 1 pairs from nuclei would be
a suitable reaction to access possible 7-mesic nu-
clei. The effects of strong n-nuclear attraction can
be observed in the vicinity of the threshold in the
n-nuclear invariant mass distributions.

4.3. Phenomenological analysis of a,q

We have decomposed the obtained nd and nd
invariant-mass distributions to these two sequential
processes

¥d = Rard — 71'07?,77(1 — 7T0’I7d,

(1)
and
vd = Rypnd — TRya — 7°nd,

(2)
where R,.q denotes the first intermediate state,
R,q and Ryq denote the S-wave nd system with
a spin-parity of 1=, and AN is a correlated
state. Here, R,y may be an S-wave nucleon and
N(1535)1/2~ molecule-like state, while Rpq is
known as a resonance with spin-parity 2%, mass
~ 2.14 GeV, and width ~ 0.09 GeV. We use a Breit—
Wigner shape with a constant M and constant I" for
R4, and the complex scattering parameters (scat-
tering length a,q, effective range r,4) in an effec-
tive range expansion for the reproduction of the
R, q contribution. We perform a simultaneous fit of
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Fig. 4. Differential cross-sections do/dM,q (a) and do/dM=q4 (a) together with the fitted functions (magenta

solid curves). The top panels show the data at £, = 1.01-1.15 GeV, and the bottom panels show those at
E, = 0.95-1.01 GeV. The blue dashed and cyan double-dotted curves show, respectively, the S- and D-wave
decay contributions of R,q. The red dot-dashed curves represent the contribution from R,q.

the wd and nd invariant-mass distributions at two
incident photon energies to determine these six pa-
rameters. Here, the D-wave decay of the R, system
is also considered by modifying the yields depending
on the invariant mass nd, namely the phase volume.
Figure 4 shows do/dM,q and do/dMyq together
with the fitted functions and their components. The
obtained parameters are

ana = £(0.7565) + i (00%53). (3)
and
roa = F(43%55) +1(6.729) (4)

with y? = 131.3 for 76 data points, where the dou-
ble signs correspond to each other. The possible
parameter region is very wide, but the obtained
scattering parameters are close to 1.23 + i1.11 fm,
corresponding to the n-nucleon scattering length of
0.50+10.33 fm, which is obtained in the three-body
Faddeev calculations [35].

5. Conclusions

The total and differential cross-sections have
been measured for the ~yd—7’nd reaction at
E, <1.15 GeV. The total cross-section o(E,) is
well-reproduced by the existing theoretical calcu-
lations with nd final-state interaction (FSI). The
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differential cross-sections do/dM,q and do/dMrq
are decomposed to vd — Ryra — ™ Rya/MRrd —
mnd. A phenomenological analysis shows a,q =
+(0.770%) + i(0.075:5) fm, suggesting rather weak
nd attraction correspondlng to nN scattering length
of a,y = 0.50 + 10.33 fm. No theoretical calcu-
lations reproduce rather flat angular distributions
of deuteron emission. Sizable angular differential
cross-sections are obtained at forward angles of
deuteron emission not only for vd — 7°nd, but also
for vd — 7°d [39], vd — 7°7%d [40-42], and also
vd — m7%70d [43]. The details of the analysis and
discussion can be found elsewhere [20, 21].
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