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Resonance-like structure near the ηd threshold in the γd → π0ηd reaction
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To investigate the interaction between the nucleon N and nucleon resonance N (1535)1/2−, the ηd threshold
structure connected to the isoscalar S-wave N-N (1535)1/2− system has been experimentally studied in the
γ d →π 0ηd reaction at incident photon energies ranging from the reaction threshold to 1.15 GeV. A strong
enhancement is observed near the ηd threshold over the three-body phase-space contribution in the ηd invariant-
mass distribution. An analysis incorporating the known isovector resonance D12 with a spin parity of 2+ in
the π 0d channel reveals the existence of a narrow isoscalar resonance-like structure with 1− in the ηd system.
Using a Flatté parametrization, the mass is found to be 2.427+0.013

−0.006 GeV, close to the ηd threshold, and the width
is (0.029+0.006

−0.029 GeV) + (0.00+0.41
−0.00 )pηc, where pη denotes the η momentum in the rest frame of the ηd system.

The observed structure would be attributed to a predicted isoscalar 1− ηNN bound state from ηNN and πNN
coupled-channel calculation, or an ηd virtual state owing to strong ηd attraction.

DOI: 10.1103/PhysRevC.104.L052201

The structure and interaction of hadrons provides crucial
insight into the nonperturbative mechanisms in quantum chro-
modynamics. Attraction between an η meson and a nucleon N
makes it possible to form an η-mesic nucleus, as predicted by
Haider and Liu [1]. This is an exotic state in which η is bound
to the nucleus by the strong interaction force alone and allows
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the study of the behavior of η in a dense nuclear environment.
The binding energy of η in the nuclear medium is sensitive
to a singlet component of η (η-η′ mixing) [2–4]. The level
and width of an η-mesic nucleus can yield the in-medium
properties of nucleon resonance N (1535)1/2− (N∗) [5–8],
which is speculated to be the chiral partner of N . This is
because η in the nuclear medium is expressed by mixing of
the η-mesonic state, and the N∗-particle and N-hole excitation
state.

Exotic η-mesic nuclei have been intensively investigated
theoretically and searched for experimentally [9–11]. Exper-
imental hints of possible η-mesic nuclei have been obtained
in the threshold behavior of η-production reactions. The exis-
tence of an η-mesic nucleus enhances the cross section near
the reaction threshold compared with phase space. The to-
tal cross section shows a steep increase from the threshold
in η 3He production from the pd collisions [12–14]. The
possibility of an η 3He weakly bound state is claimed by
analyzing the η angular distribution [15]. If an η 3He bound
state exists, it should appear independently of the initial state
of reactions. Coherent η photoproduction on 3He also shows
a strong threshold enhancement, and the angular distribution
of η emission is rather flat near the threshold as compared
with the expected distribution based on the nuclear form factor
[16]. The WASA-at-COSY Collaboration has searched for
η-mesic 3He and 4He nuclei in the pd and dd reactions,
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respectively, by detecting daughter particles from η or N∗ in
a nucleus [17–21]. No convincing evidence for an η-mesic
nucleus has yet been obtained.

An ηd bound state, if it exists, is the lightest η-mesic
nucleus. The S-wave ηd system has an isospin of 0 and a
spin-parity Jπ of 1−, and its properties are connected to the
NN∗ interaction. An ηNN bound state has been predicted
near the ηd threshold with a width � of 0.01–0.02 GeV [22]
from the three-body ηNN-πNN coupled-channel calculation.
This state can be located lower than the threshold by 8 MeV
[23]. This state is suggested by the significant deviation from
phase space near the threshold in ηd production from the pn
collisions [24–28]. In contrast, the γ d → ηd reaction does not
show any indication of this state; its angular distribution is
explained by the quasifree (QF) γ N → ηN process [29,30].
The possibility of an ηd bound state is ruled out in several
theoretical three-body calculations for various ηN scattering
parameters [31–33]. Instead, a narrow ηd virtual state is in-
ferred to reproduce the experimental data [34–36]. However,
qualitative disagreement is still observed in different theoreti-
cal calculations which cannot be explained by uncertainties in
the ηN scattering parameters alone. It should be noted that the
existence of an ηd bound or resonance state near the threshold
is claimed in Ref. [37].

The γ d → π0ηd reaction can provide a condition of low
ηd relative momentum, producing a possible ηd bound state.
In a similar γ d → π0π0d reaction, a sequential process
γ d → DIS → π0DIV → π0π0d [38] is dominant, where DIS

and DIV denote isoscalar and isovector states with a baryon
number of 2, respectively. In γ d → π0ηd , the two sequential
processes, γ d → DIV → π0DIS → π0ηd and γ d → DIV →
ηD′

IV → π0ηd , are expected to be observed, and the tail of
the possible ηd bound state appears as DIS. In this Letter,
we study the γ d → π0ηd reaction to clarify the structure
that appears in the low-relative-momentum region of the ηd
system generated after π0 emission.

A series of experiments [39] were carried out using a
bremsstrahlung photon beam [40–43] from 1.20-GeV elec-
trons circulating in a synchrotron [44] at the Research Center
for Electron Photon Science (ELPH), Tohoku University,
Japan [45]. The photon energy ranging from 0.75 to 1.15 GeV
was determined by detecting the post-bremsstrahlung electron
with a photon-tagging counter, STB-Tagger II [40]. The target
used was liquid deuterium with a thickness of 45.9 mm. All
the final-state particles in the γ d → π0ηd → γ γ γ γ d reac-
tion were measured with the FOREST detector consisting of
three different electromagnetic calorimeters (EMCs) [46]. A
plastic-scintillator hodoscope (PSH) was placed in front of
each EMC to identify charged particles. The forward PSH
could determine their impact positions. The trigger condition
of the data acquisition required detection of multiple particles
in coincidence with a photon-tagging signal [38,46–48].

Initially, events containing four neutral particles and a
charged particle were selected. An EMC cluster without a
corresponding PSH hit was recognized as a neutral particle.
A PSH hit gave a charged particle regardless of the exis-
tence of a corresponding EMC cluster. The time difference
between every two neutral clusters out of four was required
to be less than three times that of the time resolution. The

selected events were those in which the charged particle was
detected with the forward PSH, under the conditions that the
time delay from the response of the four neutral clusters was
longer than 1 ns, and the deposit energy of a charged particle
in PSH was greater than twice that of the minimum ionizing
particle. Further selection was made by applying a kinematic
fit (KF) with six constraints: energy and three-momentum
conservation, the invariant mass of two photons out of four
being the π0 mass, and that of the other two being the η

mass. The most probable combination was selected in each
event for π0 → γ γ and η → γ γ . The momentum of the
charged particle was obtained from the time delay assuming
that the charged particle had the deuteron mass. Events with
χ2 probability higher than 0.2 were selected to discriminate
from other background reactions. The most competitive back-
ground was from deuteron misidentification events in the QF
γ p′ →π0ηp reaction. Thus, selected events were additionally
required to exhibit χ2 probability below 0.01 in another KF
for the γ p′ →π0ηp hypothesis where the x, y, and z momenta
of the initial bound proton were assumed to be measured
with a centroid of 0 MeV/c and a resolution of 40 MeV/c,
and the total energy of the bound proton was given assuming
the on-shell spectator neutron. Finally, sideband-background
subtraction was performed for accidental-coincidence events
detected in STB-Tagger II and FOREST.

The total cross section was obtained by estimating the
acceptance of γ γ γ γ d detection in a Monte Carlo simulation
based on GEANT4 [49–51]. Here, event generation was mod-
ified from pure phase space to reproduce the following three
measured distributions: the π0d invariant mass Mπd , the ηd
invariant mass Mηd , and the deuteron emission angle cos θd in
the γ d center-of-mass (c.m.) frame. Figure 1 shows the total
cross section σ as a function of the incident photon energy
Eγ (excitation function). The data obtained in this work were
consistent with those obtained at the Mainz MAMI facility
[52]. The systematic uncertainty of σ is also given in Fig. 1.
It includes the uncertainty of event selection in KF; that of
acceptance owing to the uncertainties in the Mπd , Mηd , and
cos θd distributions in event generation of the simulation; that
of deuteron detection efficiency; and that of normalization
resulting from the numbers of target deuterons and incident
photons. In Fig. 1, the data are compared with the existing
theoretical calculations with the final-state interactions (FSIs)
including ηd by Egorov and Fix [53] (red solid) and by
Egorov [54] (black dashed). The excitation function is well
reproduced by these calculations near the threshold.

To study the ηd threshold structure, we obtained the differ-
ential cross section dσ/dMηd at Eγ = 1.01–1.15 and 0.95–
1.01 GeV as shown in Fig. 2 (left). The experimental data are
presented by the circles with statistical errors and the system-
atic uncertainties by the hatched histograms. An enhancement
is observed in dσ/dMηd over the phase-space contribution
(green dotted) in the low-mass region. This enhancement is
much broader at Eγ = 1.01–1.15 GeV than at Eγ = 0.95–
1.01 GeV, suggesting the appearance of another contribution
from a resonance in the πd channel. We also obtained the
differential cross section dσ/dMπd similarly to dσ/dMηd as
shown in Fig. 2 (right). In dσ/dMπd , we observe a significant
enhancement at high masses, corresponding to the known
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FIG. 1. Total cross section σ as a function of the incident photon
energy Eγ . The circles (blue) show σ obtained in this work, and the
triangles (magenta) show that obtained at the Mainz MAMI facility
[52]. The horizontal error of each data point corresponds to the Eγ

coverage, and the vertical error corresponds to the statistical error
of σ . The solid (red) and dashed (black) curves show theoretical
calculations with ηd and other FSIs in Refs. [53,54], respectively.
The squares (cyan) show σ obtained for the events with Mηd < 2.47
GeV, and the dotted curve (green) shows the corresponding phase
space contribution. The lower hatched histograms show the system-
atic errors of σ with right-up straight lines for all the events (blue)
and with left-up lines for Mηd < 2.47 GeV (cyan).

isovector D12 resonance with Jπ = 2+, M ≈ 2.14 GeV, and
� ≈ 0.09 GeV [38].

Only the S-wave ηd system (Dηd ) forms a peak close to the
threshold in dσ/dMηd . The Dηd system with Jπ = 1− decays
into ηd dominantly in the S wave, and possibly in the D wave.
The S- and D-wave contributions to the dσ/dMηd distribution
differ in shape. A fraction of the D-wave contribution to the S-
wave at a fixed Mηd is proportional to p4

η, where pη denotes the
η momentum in the rest frame of the ηd system. The Dηd and

FIG. 2. Differential cross sections dσ/dMηd (left) and dσ/dMπd

(right) at Eγ = 1.01–1.15 GeV (top) and 0.95–1.01 GeV (bottom).

D12 contributions are separated by fitting a set of functions,
expressed as the sum of S- and D-wave decay contributions of
a Breit-Wigner (BW) resonance in the ηd channel and D12

contribution in the π0d channel, to the Mηd and Mπd data
at Eγ = 1.01–1.15 and 0.95–1.01 GeV simultaneously. The
function for dσ/dMηd is given by

dσ

dMηd
(Mηd ) = α0

∫
A(Mηd , Mπd )VPS(Mηd , Mπd ) dMπd ,

(1)
where VPS(Mηd , Mπd ) expresses the phase-space contribution
and A(Mηd , Mπd ) gives the enhancement owing to the two
resonances:

A(Mηd , Mπd ) = (
1 + α2 p4

η

)
LDηd

M,� (Mηd ) + α1LD12
M,� (Mπd ). (2)

Here, LDηd

M,� (Mηd ) and LD12
M,� (Mπd ) represent BW distributions

with M and � for Dηd and D12, respectively. To incorpo-
rate the opening of the ηd channel, the ηd partial width is
parametrized by the effective coupling g (known as the Flatté
parametrization [55,56]):

� = �0 + gpηc (3)

for Dηd , and �0 is the width for the other open channels
(NN , πNN , and ππNN). It should be noted that the phase
space of the ηd decay is taken into account in VPS(Mηd , Mπd ).
The other M and � parameters are assumed to be constant.
Equation (1) is evaluated by the convolution of a Gaussian
with an experimental mass resolution of σMηd = 6.0 (4.8)
MeV at Eγ = 1.01–1.15 (0.95–1.01) GeV. The function for
dσ/dMπd is given by

dσ

dMπd
(Mπd ) = α0

∫
A(Mηd , Mπd )VPS(Mηd , Mπd ) dMηd (4)

with σMπd = 6.1 (4.8) MeV at Eγ = 1.01–1.15 (0.95–
1.01) GeV. In Fig. 2, the mass spectrum is an incoherent sum
of two resonances for the following reason. As discussed later,
we consider that Dηd and D12 are produced in paths (5) and
(6), respectively. The mass spectrum is a plot of the integrated
yield for the angular distributions of π0 and η. The interfer-
ence term of the two paths is zero unless L1(π0) = L2(π0)
and L2(η) = L1(η), owing to the orthogonality of the spherical
harmonics which appear in the angular component of the wave
function. In the analysis, the L1(η) = 1 component is deduced
to be ≈100%; therefore, almost no effect of the interference
effect is expected in the mass spectra.

The obtained parameters in the fit are (M, �0, g) =
(2.427−0.006

+0.013 GeV, 0.029+0.006
−0.029 GeV, 0.00+0.41

−0.00) for Dηd , and
(M, �) = (2.158−0.003

+0.003, 0.116+0.005
−0.011) GeV for D12, where

χ2 = 131.4 and the number of data points is 76. Also plotted
in Fig. 2 are the S-wave (blue dashed) and D-wave (cyan
double-dotted) decay contributions as well as the D12 con-
tribution (red dot-dashed). Each of dσ/dMηd and dσ/dMπd

consists of two peaks. The centroid of the low-mass peak in
dσ/dMηd is close to the ηd threshold independently of Eγ .
The high-mass peak reflects the appearance of the 2.14-GeV
peak in dσ/dMπd . The centroid of the high-mass peak de-
creases with a decrease of Eγ . Because the Mπd coverage is
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limited at Eγ = 0.95–1.01 GeV, the two peaks merge into a
bump in dσ/dMπd with substantial distortion of the 2.14-GeV
peak. It is thus revealed that a narrow resonance-like structure
exists in the vicinity of the ηd threshold (2.423 GeV). This is
not observed due to its isoscalar nature in γ d → ηd where the
QF process is dominant.

The S-wave ηd resonance states with widths broader than
0.05 GeV are ruled out for the threshold enhancement in
dσ/dMηd . It could be attributed to the predicted ηd bound
state [22,23,37] being a Feshbach resonance in the ηd and
isoscalar πNN coupled channels. If so, the corresponding en-
hancement can be observed in the isoscalar πNN and π0π0d
channels (corresponding to the �0 �= 0 case). Possibly related
to this is a bump observed by the WASA-at-COSY Collab-
oration at the c.m. energy of ≈2.31 GeV in the isoscalar
NN → πNN reaction [57]. The spin parity of this bump is
not clear (1+ and 0+ are discussed in Refs. [58,59]), and the
bump may include a 1− state [60] corresponding to the ηd
bound state.

The threshold enhancement can also be interpreted as
an ηd virtual state [34–36] (corresponding to the �0 = 0
case). The square of the amplitude would be proportional to
|a−1

ηd − ipη|−2 for production of an ηd system at low relative
momentum pη, where aηd denotes the ηd scattering length.

Using aηd = 2.16 + i1.25 fm [61] extracted from pn → ηd
[27,28], the Mηd distributions are expected as shown by the
long-dashed curves (black) in Fig. 2 (left) and similar to the
decomposed Dηd contributions close to the threshold. They
are observed in a wider range as compared with the 10-MeV
range of pn → ηd . High ηd angular momenta would be
suppressed in γ d → π0ηd because sequential processes are
dominant. Additionally, the pn → ηd data may be affected
by FSI between η and the spectator proton. The π0Dηd -
and ηD12-produced processes are investigated using angu-
lar distributions of π0 and η obtained for the events with
Mηd < 2.47 GeV as shown in Fig. 3. Figure 3 (left) shows
the deduced π0 angular distributions in the γ d-c.m. frame
with respect to the incident photon direction; the experimen-
tal distributions are almost flat. The η angular distributions
in the ηd rest frame with respect to the opposite direction
to π0 emission are shown in Fig. 3 (right). They take a
convex-upward shape, and show almost 90◦ symmetry. Thus,
contamination of a state with Jπ other than 1− (2+) is assumed
to be negligibly small in Dηd (D12).

We calculated the π0 and η angular distributions for the
reaction sequences of interest using the density matrix (statis-
tical tensor) formalism [62]:

J0(d ) = 1
L0(γ )−−−→ J1(π0Dηd )

L1(π0 )−−−→ J2(Dηd ) = 1
L2(η)=0,2−−−−−→ J3(d ) = 1 (5)

and

J0(d ) = 1
L0(γ )−−−→ J1(ηD12)

L1(η)−−→ J2(D12) = 2
L2(π0 )=1−−−−−→ J3(d ) = 1, (6)

where J1 and J2 denote the spins of first and second inter-
mediate states, respectively, and J0 = J3 = 1 are those of the
initial and final deuteron. The L0 denotes the angular mo-
mentum of the incident photons. The L1 and L2 denote the
angular momenta of meson emission from the first and second
intermediate states, respectively. A set of the amplitudes A



was determined for all the 
 = (L0, J1, L1, J2, L2) combina-
tions with L0, J1, L1 � 2 to reproduce the measured angular
distributions at Eγ = 1.01–1.15 and 0.95–1.01 GeV simulta-
neously (40 data points). The amplitude for a mixed state is
given by A

′ =(A

A
′
′ )1/2. The L2 = 2 amplitudes are
given by A
2
2 = A
0
0 tan φ, where L2 = 0 in 
0 is replaced
by L2 = 2 in 
2. The L2 = 1 amplitudes are multiplied by
an Eγ -dependent factor. The fractions of the L2 = 0, 1, and
2 contributions are limited to 38.6%–49.3% (49.1%–57.5%),
50.0%–61.4% (41.3%–50.9%), and 0.0%–2.0% (0.0%–2.3%)
for Eγ = 1.01–1.15 (0.95–1.01) GeV, respectively, to match
the results from the mass distribution analysis, giving a mini-
mum χ2 of 43.3. The solid curves (magenta) in Fig. 3 show the
angular distributions calculated for the best-fit solution. The
dashed (blue), dot-dashed (red), and two-dot-dashed (cyan)
curves show the L2 = 0, 1, and 2 contributions, respectively.
The long-dashed curves (black) represent the interference
effects; those between even and odd L2s (between L2 = 0
and 2) are observed in the π0 (η) angular distributions. The

L2 = 1 amplitudes and the L2 = 0 and 2 interference make
the η angular distribution convex upward. Regarding π0Dηd ,
the major component is 0− (≈47%), and the amplitudes are
distributed widely to other 1+ and 2± components. For ηD12,
the major component is 2+ (≈100%).

We also estimate the excitation function for the events
with Mηd < 2.47 GeV, as represented by the squares (cyan)
in Fig. 1. It forms a bump at ≈1 GeV corresponding to the
γ d-c.m. energy of ≈2.69 GeV. The observed broad bump cor-
responds to some resonances because the expected excitation
function monotonically increases for the three-body phase-
space contribution with Mηd < 2.47 GeV as plotted by the
dotted curve (green) in Fig. 1. Loosely coupled isovector S-
wave molecules N-�(1620)1/2− and N-N (1650)1/2− would
play the role of a doorway to the π0Dηd system with 0−. It
should be noted that neither �(1620)1/2− nor N (1650)1/2−
is considered a contributor to the elementary γ N → π0ηN
reaction (the main contributor is �(1700)3/2−) [63–67]. In
contrast, N-N (1720)3/2+ is a candidate doorway to ηD12

with 2+ although the branching ratio of N (1720)3/2+ → ηN
is only a few percent [68].

In summary, the ηd threshold structure has been exper-
imentally studied in the γ d →π0ηd reaction at Eγ < 1.15
GeV. It is found that the Mηd dependence of dσ/dMηd is quite
different from the behavior of the three-body phase space
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FIG. 3. Acceptance-corrected angular distributions for π0 with
respect to the photon beam direction in the γ d-c.m. frame (left) and
for η with respect to the opposite direction to π 0 in the ηd rest frame
(right) at Eγ = 1.01–1.15 GeV (top) and 0.95–1.01 GeV (bottom).
Events with Mηd � 2.47 GeV are selected.

but shows a strong enhancement near the threshold, which
changes in shape depending on the incident energy. An analy-
sis incorporating the known resonance D12 in the π0d channel
has revealed the existence of a narrow resonance-like structure
in the S-wave ηd system, Dηd . Applying a Flatté parametriza-
tion to Dηd , we have obtained the mass of 2.427+0.013

−0.006 GeV

and the width � = �0 + gpηc with �0 = 0.029+0.006
−0.029 GeV and

g = 0.00+0.41
−0.00, where pη denotes the η momentum in the ηd-

c.m. frame, and g denotes the effective coupling to the ηd
channel. The S-wave resonance states with widths broader
than 0.05 GeV are ruled out. The Dηd system would be the
predicted ηd bound state, or an ηd virtual state originating
from strong ηd attraction. The major component of the π0Dηd

system is found to be 0− from the π0 and η angular distribu-
tions for the events with Mηd < 2.47 GeV.
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