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Abstract. An analysis of incoherent photoproduction of η-mesons from the deuteron is presented. We
concentrate here on the threshold region. The dominant contribution, the γN -ηN amplitude is described
within an isobar model. Effects of the final-state interaction in the NN as well as the ηN systems are
included by employing models derived within a meson-exchange approach.

PACS. 13.60.Le Meson production – 13.75.Cs Nucleon-nucleon interactions (including antinucleons,
deuterons, etc.) – 14.40.Aq Π, K, and η mesons

1 Introduction

The incoherent photoproduction of η-mesons from the
deuteron near threshold offers an opportunity to gain in-
sight into the final-state interactions between the outgoing
nucleons and the η-meson. Measurements by the TAPS
Collaboration [1,2] at MAMI on photoproduction of η-
mesons from 2H and 4He show an enhancement in the
total cross-sections close to the reaction threshold. Such
a threshold enhancement was also observed in π, η, η′
and ω production in NN collisions at IUCF, COSY and
CELSIUS [3–7]. With the exception of η production, this
threshold enhancement could be well described by theo-
retical calculations including the NN final-state interac-
tion [6,7]. For the η production, also the ηN final-state
interaction could play a role [4].

Our knowledge of the ηN interaction is rather poor.
Values of the scattering length have been extracted from
reactions like πN → ηN and γN → ηN . Their real parts
range from 0.25 fm to 1.05 fm, as indicated in fig. 1. It
is important to study a wider class of η production reac-
tions in order to see to what extent predicted values are
compatible with each other.

We now investigate the effect of the ηN interaction in
the reaction γd → npη. We take into account the lowest-
order contributions of the scattering series: the impulse
approximation and the NN and ηN final-state interac-
tions.
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Fig. 1. The real and imaginary parts of the ηN scattering
length as reviewed in [8]. The arrows indicate the value em-
ployed in our work.

2 The reaction γd → npη

The photoproduction amplitude for η-mesons on a sin-
gle nucleon is described within an isobar model. We only
consider the dominant contribution via excitation of the
S11(1535)-resonance, since other contributions as from
t-channel vector meson exchange and the nucleon pole
graph were found to be negligible [9,10]. Details of the
production mechanism can be found in ref. [11].

For the reaction γd → npη the amplitude MIA of the
impulse approximation can be written as

MIA = AT (s1)Φ(p2)− (−1)S+T AT (s2)Φ(p1). (1)
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Fig. 2. The total cross-sections divided by ε2 for incoherent
η photoproduction off the deuteron as a function of the excess
energy ε. The dotted line shows the impulse approximation, the
dashed line results from inclusion of the NN final-state inter-
action, and the solid line shows the full calculation, including
in addition the ηN final-state interaction. The data are from
refs. [1] (squares) and [2] (circles).

Here, S and T denote the spin and isospin of the out-
going two-nucleon system, Φ(pi) stands for the deuteron
wave function, p1 and p2 are the momenta of the proton
or neutron in the deuteron rest frame, and AT (si) gives
the η-meson photoproduction amplitude at the invariant
collision energy of the corresponding γ-nucleon system.

In the next order of the scattering series, the final-state
interaction between the two nucleons and between the η
and a nucleon have to be accounted for. The np scattering
matrix in the 1S0 and 3S1 partial waves was taken from
the CD-Bonn potential [12]. However, it should be pointed
out that the use of other realistic NN potentials did not
have any observable effect on the results. This is not too
surprising, for the deuteron wave function falls off rapidly
with increasing momentum. Thus it cuts off contributions
from higher off-shell momenta in the intermediate NN
state, for which the differences in the various NN models
are most pronounced.

Finally, to obtain the ηN scattering amplitude in the
S11 partial wave, we employ the Jülich coupled-channel
meson-exchange model developed for πN scattering [13].

The results for the total cross-sections of the reaction
γd → npη are shown in fig. 2. Here we divide our calcu-
lations and the data by the square of the excess energy,
ε =

√
s − mn − mp − mη, since the phase space is pro-

portional to ε2. This representation is more illustrative
when considering deviations from the energy dependence
of the phase space. While the agreement of the calculation
within the impulse approximation (dotted line) with the
data is quite good for excess energies ε > 40MeV, in the
threshold region we observe a sizeable underestimation.

The inclusion of the np and ηN FSI in the s-waves
leads to an enhancement in the threshold region while it

Fig. 3. The invariant-mass spectra of the ηp and the np sys-
tems in the reaction γd → npη. The shaded areas show the
results for the impulse approximation, the dashed line was cal-
culated by including also the np final-state interaction, while
the solid line represents the full calculation including np and
ηN FSI.

has no effect for ε > 40MeV. The results of the full cal-
culation (solid line) are in good agreement with the data.

It may be instructive to study the interplay between
the impulse approximation and the final-state interactions
more closely. In fig. 3 we present the calculated mass spec-
tra in the ηp and np system, respectively. The shaded areas
stand for the invariant-mass distributions resulting from
the impulse approximation alone, the dashed lines show
the results including the np final-state interaction, and
the solid lines show the results of the full calculation.

The full calculation differs from the impulse approxi-
mation not only in size, but also in shape. For the lower
photon energy, Eγ = 643MeV, the inclusion of np FSI en-
hances the cross-section substantially, especially for small
np invariant masses. This forces the cross-section also
to peak at higher ηp invariant masses. The inclusion of
the ηN FSI in addition does not change the shape of
both distributions but leads to an overall enhancement.
At Eγ = 681MeV, the shape of the ηp mass distribu-
tion is similar to that at Eγ = 643MeV. The np system
shows a double-peak structure with a pronounced peak at
high invariant masses coming from the impulse approxi-
mation and a structure at low invariant masses which is
due to the NN and ηN final-state interactions. The ob-
servation of such a double-peak structure could serve as
direct evidence of the presence of FSI effects. It should
be mentioned that the analysis of the reaction pp → ppη
measured at COSY [14] shows quite a similar structure in
the pp invariant-mass spectra.
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Fig. 4. The angular (upper part) and momentum (lower part)
distributions of the η-meson in the γd center-of-mass sys-
tem. The lines show our calculations with different scattering
lengths: aηN = 0.42 + i0.32 (solid), 0.74 + i0.27 (dashed) and
0.25+ i0.16 fm (dotted). The data are from ref. [2]. The arrows
show the kinematical limit for η-meson momenta.

It is interesting to investigate to what extent our re-
sults depend on the properties of the ηN interaction em-
ployed. In [8] we found that the amplitude calculated with
the ηN t-matrix from the full model is numerically iden-
tical to the amplitude obtained from an effective range
expansion of the same t-matrix,

[
iq − 1

aηN

]−1

=π

√
q2+mN

2
√

q2+mη
2√

q2+mN
2+

√
q2+mη

2
tηN (q, q), (2)

where q is the on-shell momentum of the η-meson in the
ηN center-of-mass system. This can be explained through
the good description of the (on-shell) ηN scattering matrix
by the effective range expansion up to q ≈ 350MeV, as
well as through the weak dependence of the half-shell ηN
t-matrix on the off-shell momentum. The scattering length
aηN calculated from the Jülich πN model is

aηN = 0.42 + i0.34 fm . (3)

This lies roughly in the mid-range of the values for aηN

given in the literature spreading from 0.25 + i0.16 fm to
1.05 + i0.27 fm.

Since we found the effective range expansion to give
the same results for the ηN amplitude as the full cal-
culation with the Jülich model, we can now investigate
the influence of the strength of the low-energy ηN in-
teraction on the observables of the reaction γd → npη.
Figure 4 shows the angular and momentum distributions
of the η-meson in the threshold region, together with

our calculations for aηN = 0.42 + i0.34 fm (solid line),
aηN = 0.25 + i0.16 fm [15] (dotted line) and aηN =
0.74 + i0.27 fm [16] (dashed line). In order to make the
theoretical predictions comparable to experiment, the re-
sult of the calculation was averaged over the energy bins.
For the momentum distributions, the arrows indicate the
maximum of the kinematically allowed momenta of the η-
meson for the maximal photon energy in the energy bin.
In the shown momentum spectra, a substantial fraction of
the data lies above this limit, indicating perhaps a larger
experimental uncertainty in the determination of the η
momentum. Unfortunately, we can thus not make a clean
comparison between our results and the data. However, we
can observe that the data show a preference for smaller
values of the ηN scattering length.

3 Conclusion

We calculated total and differential cross-sections for the
reaction γd → npη taking into account the dominant con-
tribution from the S11(1535)-resonance in the production
amplitude as well as the final-state interactions in the NN
and ηN systems. FSI effects enhance the cross-sections
close to the reaction threshold, at higher energies they
have no influence. The Dalitz plots show an enhancement
at low invariant masses of the np subsystem due to the
inclusion of final-state interaction. At Eγ = 681MeV this
enhancement leads to a double-peak structure. The ex-
perimental observation of such a structure could serve as
direct evidence for the presence of FSI effects.

We found that the uncertainty of our calculation is
dominated by the uncertainty in the value of the ηN scat-
tering length aηN . For our calculation we employed the
Jülich meson-baryon model and found our results to be
compatible with the data. The data taken in the thresh-
old region show a sensitivity to the size of aηN and favour
smaller values for the real part of the scattering length.
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