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Total and differential cross sections of the d p → 3He η reaction
at excess energies between 1 and 15 MeV
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New high precision total and differential cross sections are reported for the d p → 3He η reaction close to
threshold. The measurements were performed using the magnetic spectrometer ANKE, which is an internal
fixed target facility at the COSY cooler synchrotron. The data were taken for deuteron beam momenta between
3.14641 GeV/c and 3.20416 GeV/c, which corresponds to the range in excess energy Q for this reaction between
1.14 MeV and 15.01 MeV. The normalization was established through the measurement in parallel of deuteron-
proton elastic scattering and this was checked through the study of the d p → 3He π 0 reaction. The previously
indicated possible change of sign of the slope of the differential cross sections near the production threshold,
which could be explained by a rapid variation of the s- and p-wave interference term, is not confirmed by the
new data. The energy dependence of the total cross section and the 90◦ slope parameter are well explained by
describing the final state interaction in terms of a complex Jost function and the results are significant in the
discussion of η-mesic nuclei. In combination with recently published WASA-at-COSY data [P. Adlarson et al.,
Phys. Lett. B 782, 297 (2018)], a smooth variation of the slope parameter is achieved up to an excess energy of
80.9 MeV.

DOI: 10.1103/PhysRevC.102.044004

I. INTRODUCTION

Initial measurements at Saclay of the cross section for the
d p → 3He η reaction near threshold [1] could be most easily
understood if there were a pole in the η 3He elastic scattering
amplitude [2] at low excess energy Q, which is the kinetic
energy in the η 3He center-of-mass system. There had already
been suggestions that the interaction of the η meson with nu-
cleons was strongly attractive [3] and these led Haider and Liu
in 1986 [4] to predict a novel state of nuclear matter, where
an η meson is bound to a nucleus. Due to uncertainties in
the strength of the η-nucleon interaction, they suggested that
η-nuclei would only be formed for nuclei starting from 12C.
Nevertheless, an anomalous behavior has also been observed
in the photoproduction reaction of the same 3He η final state
in γ 3He → 3He η [5–7], though these data are only available
in 4 MeV bins.

*c.fritzsch@uni-muenster.de
†khoukaz@uni-muenster.de

The d p → 3He η results were confirmed in much more
refined measurements at ANKE [8] and COSY-11 [9]. It
should be noted that the two data sets are completely com-
patible but the parameters deduced are different because the
close-to-threshold ANKE analysis [8] required consideration
of a non-negligible spread in beam momentum. The near-
threshold energy dependence of the total cross section in all
the published data is shown in Fig. 1. The rapid rise from
threshold is much steeper than that expected from phase space
and it is this which is interpreted as being due to a strong
η 3He final state interaction (FSI) and the possible formation
of a (quasi)bound state of the η 3He system close to the
production threshold [2]. For excess energies above about 1
MeV the total cross section seems to reach a plateau at a level
of about σ = 400 nb and this suggests that the FSI pole must
lie in the complex plane with |Q| � 1 MeV. To account for
the high and low Q behavior, the ANKE data were fitted with
an FSI factor that was the product of two poles [8] and this
showed that the nearby pole was indeed at |Q| < 1 MeV with
relatively small errors in both the real and imaginary parts
of Q.
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FIG. 1. Published total cross section data of the d p → 3He η

reaction [1,8–12] as a function of excess energy Q. The red line is the
result of fitting the ANKE data with a two-pole ansatz, as described
in Ref. [8]. For clarity, no normalization uncertainties are shown.

In the comparison of data obtained at different facilities,
the biggest uncertainty is in the absolute normalization of
the cross sections. This is avoided when one looks at the
logarithmic slope at 90◦, defined as
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where z = cos ϑ , with ϑ being the angle between the mo-
mentum of the η meson and that of the initial proton (or
between the deuteron and 3He) in the center-of-mass frame.
The published values of the asymmetry parameter α are shown
in Fig. 2 in terms of the η 3He center-of-mass momentum p f

where, nonrelativistically, Q = p 2
f /2mred, with mred being the

η 3He reduced mass.
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FIG. 2. Published values of the asymmetry parameter α of
Eq. (1) as a function of the final center-of-mass momentum pf

[8–12]. The black solid line is the result of fitting the ANKE data in-
cluding the momentum dependence of the s- and p-wave interference
term. The light gray line is obtained by assuming that the relative
phase of the s- and p-wave amplitudes is independent of momentum.
A detailed description of the fits is given in Ref. [13].

Nonzero values of α arise from interference between odd
and even partial waves which, at low energies, means prin-
cipally s and p waves. Since near threshold the p-wave
amplitude increases like p f , one might then expect that α

should show a similar behavior. The experimental data pre-
sented in Fig. 2 do show a linear dependence but only for
p f � 40 MeV/c and the values of α might even go negative in
the region below 40 MeV/c. It was pointed out [13] that there
would be deviations from this expected linear behavior of α

due to the momentum dependence of the s-wave amplitude
and the position of the pole in the complex Q plane found
in the ANKE fit [8] would suppress the low p f values of α,
as shown in Fig. 2. Although this kind of production data
will never distinguish between bound and antibound systems,
the real and imaginary parts of the pole position are of great
importance in the study of the development of η mesic nuclei.

In view of the importance of the η 3He system for the
understanding of η mesic nuclei, it is helpful to repeat the
measurements of the d p → 3He η cross section at low en-
ergies with high statistics and better determination of the
kinematics. The opportunity arose to use the data acquired
for the measurement of the mass of the η meson. Values of
the deuteron beam momenta were first obtained by taking
polarized beams and studying the position of an artificially
induced depolarizing resonance [14]. The η mass was then
determined to very high accuracy purely from kinematics,
using the locations of the 3He hits on the ANKE focal plane
[15]. The energy dependence of the cross section was not used
in this analysis, though the statistical precision benefited from
the high cross section near threshold that is apparent in Fig. 1.
Since the experimental methodology is well explained in these
papers, the description of the experiment in Sec. II can be
quite brief.

Though the experimental considerations are identical to
those in the η-mass experiment [14,15], once the d p → 3He η

reaction has been identified, the analysis of the data described
in Sec. III is very different because here we are interested in
studying the count rates. In order to convert count rates to
cross sections it is necessary to establish the normalization,
i.e., the luminosity. For internal experiments in a storage ring
such as COSY it is standard to compare the corrected count
rates with those of a reaction whose normalization is known.
The reaction chosen for this purpose is deuteron-proton elastic
scattering, which has been well studied in the energy region
required for this experiment [16,17]. As discussed in Sec. IV,
the reaction is easily identified, with a high cross section
that is weakly energy dependent. An independent check on
the normalization is provided through the measurement of
the d p → 3He π0 reaction, which is discussed in Sec. V.
Though the limitations on the published database make this
method less precise than deuteron-proton elastic scattering, it
does show clearly that we have not generated a false energy
behavior through the luminosity assumptions.

Our results for the differential and total cross sections for
η production are presented in Sec. VI. The striking rise of the
total cross section over 1 MeV in excess energy indicates that
there must be a final state interaction pole for |Q| � 1 MeV,
though its position in the complex Q plane is much more
model dependent. Though there are clear differences between
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FIG. 3. Schematic view of the magnetic spectrometer ANKE
[18]. The main components are the three dipole magnets D1–D3, the
internal cluster-jet target, and the three different detection systems
(Fd, Pd, and Nd), though only the forward detector was used in this
experiment. Typical trajectories of negatively charged particle are
shown by blue lines, whereas examples of positively charged ones
are sketched as red lines.

the angular distributions measured at our highest energy and
the lowest energies studied in the WASA-at-COSY experi-
ment [10], the slope parameter varies smoothly over a wide
range of final state momentum. Nevertheless, the behavior of
the slope near threshold is markedly different to that found in
some of the earlier experiments which had been explained as
being due a strong energy dependence of the s-wave amplitude
[13]. In particular there is no sign in our data of the slope
changing sign at low energies. The earlier ANKE data on
the total cross section and slope parameter [8] were modelled
with a final state interaction that was the product of two poles
[13] but the modeling would be on much firmer ground if it
were taken as the product of a zero and a pole, as is done in
Sec. VII. Though the magnitude of the pole position |Q| is
little changed from the 1 MeV found earlier [8,13], the phase
is changed and this difference is significant in the context of
the η-mesic nucleus discussion. The final section, Sec. VIII,
tries to summarize the results and put them into some kind
of context, especially within the discussion of η-mesic nuclei
more broadly.

II. EXPERIMENT

As mentioned in the Introduction, the data presented here
were byproducts of an experiment to measure the mass of
the η meson to high accuracy [14,15]. The description of
the experiment itself can therefore be relatively concise. The
data were taken using the magnetic spectrometer ANKE
[18], which is an internal fixed target facility situated in-
side the cooler synchrotron storage ring (COSY) of the
Forschungszentrum Jülich. A schematic overview of ANKE
is shown in Fig. 3.

The measurements were performed using an unpolarized
deuteron beam incident on a hydrogen cluster-jet target [19].
The experiment was carried out in the so-called supercycle
(SC) mode of COSY, where the beam is alternated between
up to eight different momentum settings, called FlatTops
(FT). The advantage of the supercycle mode is that system-

TABLE I. Excess energy Q in MeV with respect to the reaction
d p → 3He η for each supercycle and flattop. The statistical uncer-
tainty of the excess energy is 	Qstat = 0.01 MeV and the systematic
uncertainty is 	Qsys = 0.03 MeV for each flattop.

QFT1 QFT2 QFT3 QFT4 QFT5 QFT6 QFT7

SC1 –5.15 1.14 1.63 2.59 4.09 6.33 8.60
SC2 –5.15 1.36 2.10 3.08 5.07 7.32 10.37
SC3 3.79 4.55 15.01

atic effects between different beam momentum settings are
minimized. To cover the range of deuteron momenta pd be-
tween 3120.17 and 3184.87 MeV/c three supercycles were
used. The accuracy of 	pd/pd < 6 × 10−5 was determined
by using the spin-depolarization technique [14]. In total there
were 15 different excess energies Q with respect to the d p →
3He η threshold plus two measurements below threshold to
control the background. The values of the excess energies for
each of the different beam momentum settings are given in
Table I.

Following the interaction of the deuterons with the cluster-
jet target [19], the ejectiles produced are separated by the
dipole magnet D2 according to their rigidity. A special feature
of the magnetic spectrometer ANKE is the movable D2 ana-
lyzing magnet, which can be shifted transversely to the COSY
beam direction to optimize the geometrical acceptance of each
reaction being investigated. Due to fixed-target kinematics,
the positively charged heavy 3He nuclei are boosted in the
forward direction into the acceptance of the forward detector
(Fd system). This consists of one multiwire drift and two
multiwire proportional chambers (used for track reconstruc-
tion) and three layers of plastic scintillators (used for energy
loss and time-of-flight measurements). In general, the third
layer is part of the so-called side wall of the positive detection
system but in order to improve the 3He nuclei selection of this
measurement it was moved behind the two scintillator layers
of the forward detection system. Since the η meson has no
charge, having identified the 3He the η production is inferred
from the missing mass in the reaction.

III. DATA ANALYSIS

Since the η meson is neutral and it is not possible to detect
its decay products in ANKE, the isolation of the 3He η final
state relies on a good measurement of the 3He in the Fd
detector and the subsequent identification of the meson using
the missing-mass technique.

The data presented here were taken using a hardware
trigger requiring one coincident hit in each plastic scintil-
lator layer with a significantly higher energy deposit than
that expected for deuterons or protons, which dominate the
background. By plotting the energy 	E of the 3He nuclei
deposited within the detector material as a function of the re-
constructed laboratory momentum pLS , a specific energy-loss
band for each particle species can be observed. Figure 4 (top)
shows a typical example of such an energy-loss distribution
for data at an excess energy of Q = 5.07 MeV. The cuts on
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FIG. 4. Top: Energy-loss distribution β2	E of the 3He ions as
a function of the laboratory momentum pLS for reconstructed data
at an excess energy of Q = 5.07 MeV. The energy losses are the
sums over all scintillator detectors of the first layer, corrected for
their different thicknesses. The horizontal cuts at β2	E = 10 MeV,
and 16 MeV chosen for the analysis do not eliminate any good η 3He
events. Bottom: Distribution of track length ν at an excess energy of
Q = 5.07 MeV determined using the third scintillator layer for the
stop signal. The red vertical lines represent the ±4σ limits around
the Gaussian-like peak.

the energy loss were chosen to be far away from the reaction
signal in order to avoid influencing the signal region.

In order to further reduce the amount of competing re-
actions, a 3He track length cut was also applied using the
time information from the plastic scintillator layers. The track
length ν was determined by multiplying the time-of-flight by
the relativistic velocity β of the 3He nuclei. Since the first
two scintillator layers were placed only around 7 cm apart,
an accurate determination of the path length between them
is not possible. Instead, the average of the times of the first
two layers was used as a start signal and that from the third
layer as the stop signal. As a typical example, Fig. 4 (bottom)
shows the track length distribution at an excess energy of
Q = 5.07 MeV. There is a Gaussian-like peak at ν ≈ 0.7 ns
and the red vertical lines represent the ±4σ limits that were
used as track length cut values.

To eliminate the remaining contributions from other re-
actions, a model-independent background description was
applied. For this purpose, subthreshold data at an excess en-
ergy of Q = −5.15 MeV were collected during the first two
supercycles. These data were analyzed on an event-by-event
basis as if they had been taken above the 3He η threshold at
the specific beam momentum settings of the beam time. This
leads to shifts of the kinematic limits in the missing mass or
final state momentum distributions for each of the flattops.
After correcting for the different luminosities measured at
the various beam momentum settings, the scaled background

spectrum was subtracted from the above-threshold data. This
procedure was carried out for 40 cos ϑ bins with a bin width
of 	 cos ϑ = 0.05 to provide an accurate investigation of the
angular dependence (cf. Fig. 5, top). The signal yields for each
cos ϑ bin was determined by summing over the ±3σ range of
a Gaussian fit to the background-subtracted data (cf. Fig. 5,
bottom).

The geometrical acceptance of the detector was also de-
termined from Monte Carlo simulations. Here, the same cut
conditions and counting methods were applied as in the ex-
periment in order to estimate the acceptance-corrected yields
for each flattop and cos ϑ bin. In general, the geometrical
acceptance factor is 90% or higher, except for the highest
energy. The 15 MeV data, which were taken well above the
3He η production threshold and close to the limit of full ge-
ometrical acceptance of ANKE, have acceptance factors that
lie between 50% and 80%, depending upon the polar angle
of the production. This geometrical acceptance factor must
be estimated in an iterative way since detector resolution can
cause migration effects, which means that some events will be
reconstructed in a different cos ϑ bin to the one in which they
were generated. In order to correct for this, the distributions
of the acceptance corrected number of events were fitted with
a polynomial, which served as the input for new Monte Carlo
simulations in the next iteration. This procedure was repeated
until the distribution of the geometrical acceptance factors
converged.

IV. NORMALIZATION THROUGH d p
ELASTIC SCATTERING

The normalization of the d p → 3He η reaction was as-
sured by comparing the corrected count rates with those of
deuteron-proton elastic scattering, which was measured in
parallel. The advantage of using this reaction is the wide avail-
able data base with high differential cross sections dσ/dt ,
on the order of 104 μb/(GeV/c)2 over the ANKE acceptance
range between 0.08 (GeV/c)2 � |t | < 0.26 (GeV/c)2. This
ensures an excellent signal-to-background ratio. Here, t is
the square of the four-momentum transfer and it is important
to note that dσ/dt has a weak energy dependence over the
energy interval required for this experiment [16,17]. The small
variations, which are not more than 3% at the highest available
momentum transfers, might be due to the uncertainty in the
input NN amplitudes that were used for the refined Glauber
calculations.

The identification of elastic scattering was accomplished
by detecting the fast deuterons in the Fd system. For this
purpose, a second hardware online trigger was applied to
handle the enormous amount of data. In contrast to the
identification of the 3He nuclei, this trigger required at
least one hit in each of the first two scintillator layers with
low energy deposit, since the deuterons carry half of the
charge of 3He nuclei. In addition, a prescaling factor of
1024 was applied in order to reduce the dead time of the
data acquisition system. Due to the low momentum transfer
to the target proton, deuterons from elastic scattering have
momenta close to that of the beam. A simple cut on the
ratio R between the reconstructed deuteron momentum and
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FIG. 5. Top: Final state momentum spectra for exemplary cos ϑ

bins between 0.00 � cos ϑ < 0.50 at an excess energy of Q =
5.07 MeV. Here, ϑ is the center-of-mass angle between the pro-
ton and η meson, i.e., between the deuteron and 3He. The black
distribution represents the reaction signal plus the background
spectrum, the red distribution the scaled background distribution
using the sub-threshold data and the light gray distribution the
background-subtracted signal. Bottom: Background-subtracted final
state momentum spectra in the same cos ϑ intervals. The green line
is the result of fitting a Gaussian and the full red lines the ±3σ range
of the Gaussian fit. The red dashed line show the position of the peak
expected when using the accepted value of the mass of the η meson
[20].

TABLE II. Determined luminosities with the statistical uncer-
tainties of the last digits in brackets. The indices + and − on
the systematic uncertainties refer to the cases of higher and lower
luminosities, respectively. The first two rows are the results ob-
tained in the below-threshold measurements in supercycles 1 and 2,
respectively.

Q Lint 	L+
int,sys 	L−

int,sys

(MeV) (nb−1) (nb−1) (nb−1)

–5.15(1) 2215(24) 94 94
–5.15(1) 2282(24) 97 104
1.14(1) 1148(13) 50 49
1.36(1) 1175(16) 50 56
1.63(1) 1193(13) 53 54
2.10(1) 1164(12) 46 78
2.59(1) 1152(14) 46 50
3.08(1) 1160(13) 49 52
3.79(1) 1194(14) 47 54
4.09(1) 1166(13) 48 51
4.55(1) 1209(14) 51 50
5.07(1) 1191(13) 50 52
6.33(1) 1137(14) 48 50
7.32(1) 1165(14) 51 46
8.60(1) 992(11) 42 48
10.37(1) 1054(12) 42 49
15.01(1) 984(11) 51 45

the nominal beam momentum, R > 0.913, removes the vast
majority of the background and allows one to investigate an
almost background-free elastic scattering signal.

As in the case of the d p → 3He η reaction, the numbers of
elastic scattering events were determined by fitting a Gaussian
to the missing-mass spectrum and summing all events within
±3σ of the peak. The determination of the acceptance factors
was also made in the same way as described earlier, using
Monte Carlo simulations. For each beam momentum setting
this procedure was done for 18 momentum transfer bins with
a bin width of 	|t | = 0.01 (GeV/c)2. This showed that the
acceptance factor drops from 15% to 7% with increasing
momentum transfer.

The published d p elastic scattering differential cross sec-
tions dσ/dt [21–25] were fit to the function

f (|t |) = exp(a + b|t | + c|t |2) μb/(GeV/c)2 (2)

in the momentum transfer interval 0.05 (GeV/c)2 � −t <

0.4 (GeV/c)2. This led to parameters a = 12.45, b =
−27.24 (GeV/c)−2 and c = 26.31 (GeV/c)−4. This function
was integrated over each momentum transfer bin so that the
luminosity was determined independently for 18 momentum
transfer bins for each beam momentum setting. The results
presented in Table II are the weighted mean values of the lu-
minosity for each flattop above the 3He η threshold. With this
method a systematic precision of 	Lsys ≈ 6% and statistical
precision 	Lstat ≈ 1% were achieved, which are improve-
ments by at least a factor of two compared to the previous
measurements at ANKE [8,26]. The systematic uncertain-
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to the background-subtracted 3He π 0 signal (green histogram) and
the green vertical lines represent the ±3σ range assumed for the
signal.

ties arise mainly from the absolute normalization of the d p
elastic scattering reference data and from possible errors in
the setting of the nominal beam deflection angle of ANKE.

V. NORMALIZATION THROUGH THE
d p → 3He π0 REACTION

An independent check on the luminosity is provided
through the measurement in parallel of the d p → 3He π0

reaction, whose analysis is described in detail in Ref. [17].
This will also confirm that we have not introduced any spu-
rious energy dependence in the η excitation function through
some unknown systematic effect in the d p elastic luminosity
determination. A clear advantage of using this reaction is
that the identification of the 3He nuclei, which differ only in
momentum from those shown in Fig. 4, is identical to that in
the 3He η case, so that all the previously discussed software
cuts can be modified and used. After doing this, Fig. 4 (top)
shows a clear island corresponding to 3He π0 final states.

In contrast to η production, the 3He π0 final state cov-
ers the much higher excess energy range between Q =
407.7 MeV and Q = 427.9 MeV. The geometrical acceptance
of the forward system then restricts the detection of this reac-
tion to near-forward events with cos ϑ > 0.86.

One sees in Fig. 6 a clear peak in the 3He momentum
distribution corresponding to π0 production. This is sitting on
a background that arises mainly from multi-pion production
as well as deuteron breakup reactions. This background was
parametrized empirically as

f (p f )bg = exp(A p f )
3∑

n=0

an(p f )n. (3)

Taken together with a Gaussian form to represent the π0

signal, the data of Fig. 6 were fit to determine the param-
eters. Shown separately are the total fit (solid red line), the
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FIG. 7. Differential cross section of the d p → 3He π 0 reaction
at small angles obtained at T = 1801 MeV compared to the in-
terpolation (blue point) of the measurements at zero degrees [27].
The uncertainty displayed for the reference point is an amalgam
of statistical uncertainty of the interpolation, the 8% normalization
uncertainty of the reference data [27], and the systematic uncertainty
in the d p elastic luminosities shown in Table II). The red line is a
polynomial fit of second order to data points of this work with its
±1σ statistical uncertainty represented by the red shaded area.

background (red dashed line), and the background-subtracted
spectrum (green distribution). The signal yield was deter-
mined by summing over the ±3σ range of a Gaussian fit to the
background-subtracted data (solid green line). This procedure
was carried out for 14 angular bins from cos ϑ = 0.86 to
cos ϑ = 1.00 with uniform widths of 	 cos ϑ = 0.01. This
was then repeated for all 17 beam momentum settings. The
geometrical acceptance correction factors were determined in
the same way as described in Sec. III. With increasing cos ϑ

the acceptance correction factors rise from 15% up to 90% for
all energies.

Differential cross sections were determined using the d p
elastic luminosities given in Table II and the acceptance-
corrected yields for the 3He π0 final state. As an example, the
results for the kinetic energy T = 1801 MeV (i.e., supercycle
2, flattop 5) are shown in Fig. 7. The red solid line is a fit of
the form

dσ

d�
= σ1 + σ2(cos ϑ − 1) + σ3(cos ϑ − 1)2 (4)

and the red shaded area describes the ±1σ uncertainty of the
fit. The parameters from the fits are given in Table III for all
beam momenta. Since the identification of the 3He nuclei is
exactly the same as for the η, when using this reaction for the
normalization, the systematic uncertainties of the differential
cross sections are completely dominated by those of the lumi-
nosity given in Table II.

The only published d p → 3He π0 data in our kinematic
region were obtained at Saclay in 200 MeV steps at cos ϑ = 1
[27] and the only one in our energy range was taken at 1800
MeV. This is represented by the blue data point in Fig. 7. In
addition to the statistical error, there is an 8% normalization
uncertainty in the data of Ref. [27] as well as the normaliza-
tion uncertainty of our data shown in Table II.
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TABLE III. Parameters of the second order polynomial fits of
Eq. (4) to the d p → 3He π 0 differential cross sections with their
statistical uncertainties.

T σ1 	σ stat
1 σ2 	σ stat

2 σ3 	σ stat
3

(MeV) (μb/sr) (μb/sr) (μb/sr) (μb/sr) (μb/sr) (μb/sr) χ2/ndf

1765 1.25 0.04 10.4 1.2 28 8 2.8
1765 1.28 0.04 10.8 1.0 31 6 1.9
1787 1.15 0.02 9.8 0.5 30 4 1.7
1788 1.16 0.05 9.8 1.4 27 9 3.1
1789 1.15 0.04 9.9 1.1 29 7 2.2
1791 1.15 0.04 9.7 1.1 29 7 1.9
1793 1.15 0.03 10.3 0.8 33 5 1.2
1794 1.14 0.03 10.2 0.8 32 5 1.4
1797 1.14 0.03 9.7 0.9 29 5 1.5
1798 1.13 0.03 9.4 0.7 25 5 1.2
1800 1.14 0.04 10.8 1.1 38 7 2.6
1801 1.10 0.04 8.7 1.2 21 8 2.9
1806 1.09 0.05 9.1 1.4 27 8 2.9
1810 1.10 0.03 8.8 0.9 23 6 1.8
1814 1.13 0.02 10.7 0.7 35 4 0.8
1821 1.09 0.04 9.9 1.2 31 8 2.7
1837 1.04 0.03 9.4 0.8 30 5 1.3

In order to facilitate a comparison with our results, the
Saclay data were fitted with a fourth order polynomial to
extract the differential cross sections as a function of T ,
This curve is compared in Fig. 8 to the extrapolation of our
d p → 3He π0 results to the forward direction. Given the sta-
tistical uncertainty of the interpolation to our T values, the
8% normalization uncertainty of Ref. [27], as well as the
normalization uncertainty of our data shown in Table II, it
is seen that our results are consistent with those obtained at

kinetic energy T  MeV
1760 1780 1800 1820

b
/s

r)
μ (

Ω
/dσd

0.9

1

1.1

1.2

1.3

1.4

1.5 /ndf = 6.02/15 = 0.402χ
/ndf = 9.78/9   = 1.092//χχ

FIG. 8. Comparison of the reference data [27] (black point) with
the results of this work (red points) for the forward d p → 3He π 0

differential cross section. Here, the red shaded boxes represent the
systematic uncertainties. The red line represents a linear fit with its
±1σ statistical uncertainty (red shaded area). A fourth order polyno-
mial fit to the forward reference data [27] between T = 1000 MeV
and 2200 MeV is also shown (blue line) with the corresponding ±1σ

statistical uncertainty. Since a limited range of T was accessed in this
measurement, only one of the Saclay points [27] is visible.

TABLE IV. Measured total cross sections σ of the d p → 3He η

reaction with the statistical uncertainties of the last digits in brackets.
The indices + and − on the systematic uncertainties refer to the cases
of higher and lower cross sections, respectively. Also given are the
values extracted for the asymmetry parameters α of Eq. (1). Though
the differential cross sections are generally consistent with a linear
dependence on cos ϑ , at the highest energy the cubic fit of Eq. (6)
was required and this gave β = −0.008(24) and γ = −0.166(51).

Q σ 	σ +
sys 	σ −

sys

(MeV) (nb) (nb) (nb) α

1.14(1) 355(9) 15 15 0.048(8)
1.36(1) 357(9) 17 15 0.067(9)
1.63(1) 357(9) 16 16 0.045(8)
2.10(1) 366(10) 25 15 0.068(10)
2.59(1) 367(10) 16 15 0.133(8)
3.08(1) 371(10) 17 16 0.117(8)
3.79(1) 378(11) 17 15 0.107(10)
4.09(1) 374(10) 16 16 0.146(9)
4.55(1) 379(11) 16 16 0.144(9)
5.07(1) 376(11) 16 16 0.179(8)
6.33(1) 379(11) 17 16 0.238(7)
7.32(1) 388(11) 15 17 0.242(9)
8.60(1) 384(12) 19 16 0.310(9)
10.37(1) 390(12) 18 15 0.375(11)
15.01(1) 403(17) 18 23 0.570(34)

Saclay [27]. Just as important, one sees from Fig. 8 that the
slopes of the fit to the Saclay data and that of our results are
very similar. This means that any possible systematic energy
dependence of the d p → 3He η introduced through the use of
d p elastic scattering for normalization can be ruled out.

VI. RESULTS

The measured luminosities and acceptance-corrected count
yields of the 3He η final state were used to determine total and
differential cross sections. Table IV shows the resulting total
cross sections. The systematic uncertainties are dominated by
those of the normalization based upon deuteron-proton elastic
scattering. Neither a variation of the track length limits from
±4σ to ±3σ or ±5σ nor a variation of the energy loss limits
influences the results.

Only for the highest flattop at Q = 15.01 MeV can one
apply also above-threshold data, using the same method to
study the background as already described in Sec. III. This
is because for data up to Q = 1.63 MeV the shifted 3He η

signals do not overlap with those seen in the Q = 15.01 MeV
spectrum. The total cross sections determined using the
above-threshold data in the description of the background
show a systematic deviation of 	σsys = −5 nb. This leads to
an additional asymmetric uncertainty at 15.01 MeV and this
effect has already been included in the uncertainties given in
Table IV.

Figure 9 shows the differential cross sections dσ/d� for
all excess energies as well as a linear fit (red line) of the form

f (cos ϑ ) = σ0(1 + α cos ϑ ) (5)
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FIG. 9. Measured differential cross section for all the available beam momentum settings. The red lines are the results of fitting the angular
distributions with the linear function of Eq. (5). The red shaded area represents the corresponding ±1σ uncertainties. In the case of the highest
excess energy, the third degree polynomial of Eq. (6) (green) was used. The recently published WASA-at-COSY data [10], which were taken at
Q = 13.6 MeV (yellow) and Q = 18.4 MeV (red), are displayed in the final panel. These data have been scaled to the same total cross section
as that at 15.01 MeV.

and the ±1σ uncertainty of the fit (red shaded area). In the
case of the highest excess energy data point, a third order
polynomial fit function of the form

f (cos ϑ ) = σ0(1 + α cos ϑ + β cos2ϑ + γ cos3ϑ ) (6)

is displayed (green line), which has a significance of 3.5σ

compared to a linear fit. The results for the fit parameters are
given in Table IV. In either case α is the asymmetry parameter
as defined by Eq. (1). An extensive study of uncertainties was
also done here by varying, e.g., the software cut limits. Since
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FIG. 10. Total cross sections and asymmetry parameters deter-
mined in a previous ANKE experiment (gray points) [8], COSY-11
measurements (green points) [9], and the results of the current work
(red points). Note that the total cross sections of the previous ANKE
and COSY-11 data were normalized globally to the data of this work.
The red line is a combined fit which fits both spectra simultaneously
by using Eqs. (7) and (8).

the systematic uncertainty of the luminosity, which was the
dominant effect for the total cross sections, plays no role for
the asymmetry parameter α, the systematic uncertainties are
roughly only one-fifth of the statistical uncertainties shown in
Table IV.

The WASA-at-COSY collaboration recently published
data on the pd → 3He η reaction with a proton beam [10].
Their lowest excess energies were Q = 13.6 MeV and Q =
18.4 MeV and these results, normalized to the total cross
section of this work at 15.01 MeV, are compared with our
data in the final panel of Fig. 9. Since there are clear differ-
ences between the two data sets, a further investigation of the
ANKE acceptance was undertaken. In the vicinity of ϑ = 90◦
there was a significant dependence on the azimuthal angle φ,
which is not permissable for a two-body reaction involving
unpolarized particles. This effect may be due to the 3He hit-
ting boundary areas of the ANKE detector where systematic
problems with the acceptance corrections are known to occur.
In order to analyze this last energy, arbitrary cuts in the φ-ϑ
plane were made. It should be noted that 15.01 MeV is the
only excess energy where there is not full acceptance in the
ANKE detector. It is therefore reassuring that for none of
the other excess energies does one observe the troubling φ

dependence.
Figure 10 shows the total cross sections as well as the cor-

responding asymmetry parameters from the previous ANKE
(gray) and COSY-11 (green) measurements [8,9]. Given the
normalization uncertainties of the different measurements,
these earlier total cross sections were renormalized to the
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FIG. 11. Combination of asymmetry parameters determined at
two different facilities. The red data points represent the results of
this work and the yellow ones results recently published by the
WASA-at-COSY collaboration [10]. In order to highlight its smooth
behavior, the blue line represents an empirical fit to both the ANKE
and WASA data sets in odd powers of pf .

present data in order to compare the shapes. The scaling
factors were defined by the ratios of the average total cross
sections between Q = 1.14 MeV and Q = 8.45 MeV. It can
be seen that the new ANKE data (red) also show a plateau-like
behavior with a slight tendency to increase with rising beam
momentum, which is similar to the COSY-11 data. There is, of
course, no normalization uncertainty in the different measure-
ments of the asymmetry parameters and, given the large error
bars of some of the older data, the various results are broadly
similar. The high precision of the new ANKE data excludes
the possibility that α might change sign for p f � 40 MeV/c
though all the data do show a monotonically increasing be-
havior for p f � 40 MeV/c. Figure 11 shows the values of
the asymmetry parameters extracted from this experiment and
from that of WASA-at-COSY [10]. To emphasize the smooth
behavior of this parameter, even in the overlap region of these
two experiments, the blue line represents a polynomial fit to
the combined data set in terms of odd powers of p f .

VII. FINAL STATE INTERACTIONS

Since the new ANKE data do not extend to the very near-
threshold region of Q < 1 MeV, a combined fit was made of
the total cross sections and asymmetry parameters measured
in the previous ANKE and COSY-11 experiments [8,9] as
well as the new ANKE data of this work. For this purpose the
total cross sections of the previous ANKE and COSY-11 data
were normalized to the new data, as described in the previous
section.

If only s and p waves are retained, the observables may be
parametrized as

σ = 4π p f

pi

(| fs|2 + p2
f | fp|2

)
and α = 2p f

�( f ∗
s fp)

| fs|2 + p2
f | fp|2

(7)
with the effective p-wave amplitude fp being taken as a com-
plex constant.
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In the previous ANKE analysis [8], the s-wave amplitude
was taken as the product of two poles, it being argued that
the second pole was so far away that this would have little
influence on the parameters deduced for the near-threshold
pole. The analysis is on much firmer theoretical grounds if one
describes the final state interaction in terms of a Jost function
that goes to a nonzero constant for large p f [28]. Thus we take

fs = f 0
s

(
1 − p f /p2

1 − p f /p1

)
. (8)

A combined fit was made to the total cross section and
asymmetry parameter using the functions of Eqs. (7) and
(8). A fit range of p f � 110 MeV/c was chosen to minimize
contributions from higher partial waves. It should also be
noticed that, in addition, as p f increases the s-wave final state
interaction becomes less important. This fit range leads to the
parameters

f 0
s = 49(1) (nb/sr)1/2,

p1 = (−33(5) ± i16(5)) MeV/c,

p2 = (−56(46) ∓ i225(23)) MeV/c,

χ2/ndf = 497.40/307 = 1.62,

(9)

where, it should be stressed, the uncertainties are strongly
correlated. This is to be compared to the two-pole descrip-
tion of the earlier ANKE data given in Ref. [13], which had
p1 = (−4(7) ± i19(2)) MeV/c. The real parts of p1 differ by
large amounts compared to the quoted errors but these do
not include any uncertainty arising from the FSI assumption
in Eq. (8) and the corresponding one in Ref. [8]. This dif-
ference in p1 leads to one in the pole position, viz., Q =
(0.91(0.40) ∓ i1.15(0.40)) MeV versus Q = (−0.35(0.13) ±
i0.21(0.29)) MeV [8]. The changes in the value of Q are
significant in the question of the possible existence of a η

3He
mesic nucleus.

The form used in Eq. (8) corresponds completely to that
of a complex Bargman potential [29] for which the η 3He
scattering length becomes

a = i(p2 − p1)/(p1 p2). (10)

The value resulting from our measurements is a = (±(3.2 ±
0.8) − i(4.7 ± 2.0)) fm. It should be stressed that p2 influ-
ences the region p f � 110 MeV/c quite weakly and its large
error bar leads to uncertainty in the value of a.

VIII. SUMMARY

The differential cross section for the d p → 3He η reaction
was measured with the ANKE magnetic spectrometer at 15
different excess energies from Q = 1.14 MeV to 15.01 MeV.
The 3He was clearly identified in the spectrometer and the
meson determined from the missing mass in the reaction.
After making acceptance corrections, the normalization (i.e.,
the luminosity L) was determined from deuteron-proton elas-
tic scattering that was measured in parallel. This led to a
systematic precision of 	Lsys ≈ 6% and statistical precision
	Lstat ≈ 1%, which are improvements by at least a factor of
two compared to the earlier measurements at ANKE [8,26].

The normalization could be checked through the measure-
ment of the d p → 3He π0 differential cross section at small
angles, though this method is hindered by the 8% systematic
uncertainty in the only available reference data [27]. Never-
theless, these results do show that the energy dependence of
the normalization achieved through d p elastic scattering is
broadly correct. As a byproduct of these η production data,
we have obtained well normalized d p → 3He π0 differential
cross section in small energy steps around a deuteron beam
energy of T = 1800 MeV. Details are available in Table V in
the Supplemental Material [30].

Due to full geometrical coverage over the entire cos ϑ

range and the high event rates, angular distributions with a
bin width of 	 cos ϑ = 0.05 could be extracted for each beam
momentum setting. Apart from the highest excess energy, the
differential cross sections seem to be linear in cos ϑ , with a
90◦ slope that increases with rising Q. However, at 15.01 MeV
a third order polynomial was needed to describe the data and
this is a sign that higher partial waves are present.

The asymmetry parameters α vary smoothly from Q �
15.01 MeV in our measurements at ANKE to the Q �
13.6 MeV at WASA [10]. Taken together, the data show
α in unprecedented detail up to an excess energy of Q =
80.9 MeV. Furthermore, the possible change of sign of the
asymmetry parameter α near threshold, indicated in earlier
measurements, is not confirmed by the new ANKE data.
Fitting the low energy total cross section and asymmetry
parameter with an s-wave FSI function that has a more
believable large p f behavior changes the position of the near-
threshold pole and this is important in the discussions of
η-mesic nuclei, of which the case of η

3He studied here is
probably the best example. It is reassuring that the value of the
scattering length estimated using an optical potential ansatz is
a = (2.2 ± 1.3 − i(4.9 ± 0.6)) fm [31], which is compatible
with our experimental result of a = (±(3.2 ± 0.8) − i(4.7 ±
2.0)) fm. Other reactions are less favored and, to illustrate this
point, the only similar possible signal is found in the dd →
4He η reaction [32] and the cross section is about a factor
of 50 lower than that measured here. Other above-threshold
experiments involving heavier nuclei give even smaller values.

Above-threshold measurements cannot distinguish be-
tween bound and antibound (virtual) states but searches below
threshold for signs of an η

3He, such as that carried out at
WASA [33], are hampered by the necessary absence of an
η signal. In 1988 no convincing sign was found for η-mesic
nuclei in below-threshold measurements [34] and this is still
the situation now.

We turn finally to attempts to provide a theoretical descrip-
tion of the d p → 3He η reaction. Due to the large mass of
the η meson, a single-nucleon mechanism is much reduced in
importance and it is likely that both nucleons in the deuteron
must be involved dynamically [35]. A simple semiclassical
model based on these ideas was proposed [36] and later put
in quantum mechanical form [37,38]. Although this approach
has some success at threshold, it fails to describe the energy
dependence and the shapes of the cross section away from
threshold. There is therefore much theoretical work to do,
especially to connect the reaction mechanism with the η 3He
final state interaction.
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