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Measurements of 1 meson production in proton-deuteron collisions have been performed using the
COSY-11 facility at COSY (Jiilich). Results on total and differential cross sections for the pd — *Hen reaction
are presented at five excess energies between Q = 5.0 and Q = 40.6 MeV. The angular distributions show a
transition from an almost isotropic emission close to threshold to a highly anisotropic distribution at higher excess
energies. The total cross sections reveal a strong n-*He final state interaction, corresponding to a scattering length

of |M(a)] = (4.2 £ 0.5) fm and J(a) = (0.4 = 1.9) fm.
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I. INTRODUCTION

Within the field of particle interactions, the formation of
bound or quasibound states between an 7 meson and a nucleon
or nucleus, creating so-called n-mesic nuclei, has attracted a
lot of both theoretical and experimental interest. Predicted by
Haider and Liu [1], the interaction of the n with a nucleus is
expected to be attractive, as in the elementary n-N interaction
[2—4], and therefore allows for the formation of a bound state.
Recently, it was argued that the 1 bound state will deliver
information about the singlet component of the 7 meson [5].
Although the strength of the attractive potential is supposed to
increase with the mass of the nucleus, the answer to the ques-
tion as to which is the lightest n-mesic nucleus is still unknown.

Therefore, close-to-threshold data on the pd — 3Hen reac-
tion are of great interest for studying the strong n-nucleus final
state interaction at low energies, which may provide a signal for
the existence of quasibound n-nucleus states [6]. As observed
close to threshold at the SPES-IV and SPES-II spectrometers at
the SATURNE laboratory [7,8], the n-production cross section
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in the pd — 3Hen reaction reveals remarkable features. In
addition to the unexpectedly large cross section for this channel
as compared to, e.g., pd — *Hen?, the excitation function
has a maximum very close to the production threshold and a
significant drop of the production amplitude with increasing
energy within only a few MeV, which is in complete contrast
to expectations based upon phase space. Furthermore, the
center-of-mass angular distributions of the n mesons emitted
near threshold were reported to be consistent with s-wave
production and to exhibit no major contributions from higher
partial waves. This behavior differs from the corresponding
data on the 7 *-production cross section, where a strong p-wave
contribution is present even very close to threshold [9].

In order to describe this near-threshold behavior, a classical
two-step mechanism was proposed by Kilian and Nann [10].
However, quantum mechanical calculations by Fildt and
Wilkin [11] within this model only succeeded in reproducing
the square of the production amplitude at threshold to within a
factor of 2.4. Moreover, to describe the observed rapid drop of
the production amplitude with increasing energy, the two-step
approach had to include a strong n->He final state interaction
(FSI) with a large n-*He scattering length.

Further measurements, performed at a higher excess energy
of ~50 MeV by the COSY-GEM Collaboration [12], yielded a
highly nonisotropic angular distribution. The description using
the refined two-step model prediction [12], adjusted to fit
to the data at energies very close to threshold, significantly
underestimates the value of the total cross section. Therefore,
a different reaction mechanism, based on the excitation of the
N*(1535) resonance, has been suggested. However, this model
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prediction, scaled to fit the COSY-GEM data point, fails to
reproduce the observed shape of the previously determined
excitation function in the near-threshold region.

Additional studies have also been carried out by the
WASA/PROMICE Collaboration at 77 excess energies between
~22 and ~120 MeV [13], yielding anisotropic angular
distributions for all the measurements, in agreement with
the GEM results, but with total cross sections that can be
described by neither the n->He FSI nor the predicted shape of
the resonance model excitation function.

Therefore, to investigate both the shape of the excitation
function, as well as the development of the angular distribu-
tions with increasing excess energy, additional measurements
on the pd — 3HeX reaction have been carried out at 1 excess
energies in the range of QO =5.0 to 40.6 MeV using the
COSY-11 installation.

II. EXPERIMENT

The COSY-11 installation is an internal experimental
facility located in an arc section of the cooler synchrotron
(COSY) [14] at the Forschungszentrum Jiilich. For details, see
Ref. [15-17].

A cluster-jet target [18], operated with deuterium gas, was
used to provide a dense deuteron target for the stochastically
cooled, high-precision proton beam of COSY. The COSY-
11 facility makes use of one of the accelerator dipoles as
a spectrometer magnet to separate the positively charged
reaction ejectiles (e.g., *He nuclei) from the circulating
beam and guide them toward the forward detection system

(Fig. 1). This system consists of a set of two drift chambers (D1,
D2), used for track reconstruction, and two large scintillator
hodoscopes (S1, S3). Tracing back the tracks through the
magnetic field of the spectrometer magnet [19-21] to the fixed
interaction point leads to a momentum reconstruction with
a precision of better than 1% [4]. The scintillation detectors
S1 (placed directly behind the second drift chamber) and S3
(placed a distance farther of roughly 9 m) are used as a start
and stop combination for time-of-flight measurements. Particle
identification can thus be performed by reconstructing the mass
of the ejectiles using the momentum and velocity information,
yielding a full four-momentum vector reconstruction for all
detected positively charged particles.

To obtain cross sections, the pd — 3HeX data are nor-
malized using the results on the proton-deuteron elastic
scattering that was measured in parallel. For this purpose,
additional silicon-pad and scintillation detectors (S5 and
S5mon) in the target region are used to detect the elastically
scattered deuteron in coincidence with the detected proton
in the forward-detection system (D1&2, S1) [16,22]. The
complementary case of a deuteron in the forward direction
and a coincident proton in the monitor detector is allowed
by kinematics. However, it is not observed in the experiment
because of the large momentum transfers in this case, which
make deuteron breakup highly probable.

III. DATA ANALYSIS

The reaction channel pd — 3Hen was studied by detecting
the emitted *He nuclei and identifying the 1 mesons through
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FIG. 2. *He selection from events triggered by the detection
system for a beam momentum of 1.593 GeV/c (Q = 10.8 MeV).
Because of the high-energy deposition of the *He nuclei in the
scintillator detector S1, He events can be separated easily from
the background consisting of pions, protons, deuterons, and tritons.
The dashed lines indicate the cuts on energy loss and the correlation
of energy loss to the reconstructed momentum used to select the *He
events.

the missing-mass technique. To separate *He events from
a background of pions, protons, deuterons, and tritons, the
AE/p information was exploited. This leads to a clear
3He signal [23] due to its high-energy deposition in scin-
tillating material [24] (Fig. 2). This positive identification
allows one to determine the four-momentum vectors Psge =
(/P2 +m3,.-Pin)» Where D3ne is measured with a precision of
better than 1% [4].

The missing-mass plot of the pd — 3HeX reaction cal-
culated for the selected *He events exhibits a clearly visible
peak at the mass of the n meson on top of a background
originating from multipion production (Fig. 3). This back-
ground can be reproduced well by phase-space Monte Carlo
simulations of the pd — 3Hen - w(n > 2) reaction channels
at the corresponding beam energies. The simulations, based
on the GEANT 3.21 code [25], have been carried out separately
for the several charged and uncharged multipion channels. Nei-
ther the charge of the produced pions nor the two- and three-
pion production processes can be distinguished in the shape of
the missing-mass distribution in our limited range. This is be-
cause of the large excess energy for multipion production at the
n threshold, where the shape is dominated by the acceptance
of the detection system. In the case of the pp — ppn channel,
this effect was discussed in Ref. [26].

By subtracting the scaled Monte Carlo generated multipion
data from the experimental distribution, a clean missing-mass
peak remains with a width of less than 6 MeV (full width at half
maximum) which is in very good agreement with expectations
from Monte Carlo simulations of the pd — 3Hen channel
(Fig. 4). As presented in Fig. 3, the combined two- and
three-pion production Monte Carlo simulations were scaled
to describe the leading tail of the data, whereas the four-pion
Monte Carlo simulation was scaled to describe the data at the
kinematic limit.
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FIG. 3. (Color online) Missing-mass distribution obtained for
SHe events, recorded at an excess energy of 15.1 MeV. On top
of the background, a peak in the range of the 1 mass (m, =
0.5473 GeV/c?) is quite prominent. By combining Monte Carlo events
from reactions of the type pd — *Hen - m(n > 2) the background
observed in the experiment can be described very well. The simulation
was fit in magnitude to the experimental data in the region outside the
n signal; for details see text.

To evaluate differential cross sections, the missing-mass
technique was used for each angular bin, and the number of
detected 1 mesons was obtained separately by subtracting the
background, as for the total spectrum of Fig. 3. The ambiguity
in the scaling factors for the background subtraction is reflected
in the systematic error of the number of extracted n events.

To calculate the total cross section oy, from the number
of n events in the missing-mass spectrum, the acceptance of
the detection system and the integrated luminosity have to
be known. The acceptance was determined by Monte Carlo
studies. The integrated luminosity for each of the five
measurements was deduced from the analysis of proton-
deuteron elastic scattering. Momentum transfer distributions
of pd — pd events were obtained from the angle of the recoil
protons and compared with data from the literature [27-30]
to obtain differential cross section information. The procedure
is described in detail in Ref. [22], and the results are listed
in Table 1. The systematic errors arise principally from the
uncertainty in the identification of elastic scattering events
and the determination of the corresponding differential cross

TABLE I. Integrated luminosity determined from proton-
deuteron elastic scattering.

Beam momentum Integrated luminosity

(GeV/e)

(nb~ ! ) Oistat Ojyst
1.581 51.6 +1.9% +8.9%
1.593 62.6 +1.4% +8.9%
1.602 62.4 +1.6% +8.9%
1.612 66.4 +1.4% +8.9%
1.655 73.0 +1.5% +8.9%
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FIG. 4. (Color online) Missing-mass distri-
bution for the pd — *Hen reaction at different
excess energies. The spectra have been obtained
by summing up the background-subtracted
missing-mass spectra in the different angular
bins in the differential cross section analysis.
Only the shaded parts of the peaks have been
included for the determination of the cross sec-
tions. The dashed lines indicate the expectation
from Monte Carlo simulations for the respective
beam momenta.
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section at the measured beam momenta by interpolating the
published data.

IV. RESULTS

Based on the missing-mass analysis, pd — *Hen differ-
ential cross sections have been extracted for all measured
excess energies, with the results displayed in Fig. 5. In view of
the extreme forward-folding of the *He angular distribution,
the bin width in the backward hemisphere was limited by the
accuracy of the center-of-mass angle reconstruction. In the for-
ward hemisphere, the statistics allowed only one bin. However,
the SPES data resulted in an angular distribution compatible
with pure s-wave emission, and also the WASA/PROMICE

studies presented slowly varying angular distributions for the
lower excess energies. Hence, we concentrated on taking data
at several excess energies, with limited statistics, rather than
aiming at the extraction of high statistics angular distributions.
Nevertheless, the angular distributions obtained are sufficient
to extract total cross sections.

Over the range of excess energies investigated, a transition
is seen from a rather flat angular distribution at the two lowest
energies, as observed in Ref. [8], to a highly anisotropic
behavior for the highest measured excess energy of 40.6 MeV,
as in Refs. [12,13]. Therefore, it is plausible to assume
pure s-wave production from threshold up to excess ener-
gies somewhere between 11 and 15 MeV. This behavior
differs from that of the pd — >Hen” reaction where, already
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FIG. 5. (Color online) Differential cross sections determined
at five different excess energies. The angular distributions of the
produced *He nuclei in the center-of-mass system show a transition
from a rather flat shape (Q = 5.0 and 10.8 MeV) to a highly
anisotropic distribution (Q = 40.6 MeV), as compared with phase
space (dashed line). The uneven width of the bins chosen for the
analysis is due to the limited statistics of the experiment and does not
reveal any deficiency in the detection system. For a description of the
dotted lines, see text.

very close to threshold, significant contributions of higher
partial waves have been reported [9]. Besides showing the
deviation from s-wave production for the Q = 19.9 and
40.6 MeV measurements, Fig. 5 also presents the prediction
of two-step model calculations from Stenmark [31]. The latter
were performed to describe the WASA/PROMICE data [13]
(Fig. 6), while the predictions in Fig. 5 were evaluated at
the corresponding COSY-11 excess energies [32]. The result
is in reasonable agreement with the COSY-11 data at Q =
19.9 MeV. However, at Q = 40.6 MeV, the shape of the angu-
lar distribution in the backward hemisphere does not agree as
well. Such a deviation shows up also in the WASA/PROMICE
measurements at Q = 41.1 MeV [Fig. 6 (b)]. Furthermore,
the results from COSY-11 at excess energies of Q =
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FIG. 6. (Color online) Acceptance-corrected differential cross
sections in cos #*(*He) at the two lowest beam energies of Ref. [13].
Dashed line is the calculation by Stenmark based on a two-step
model [31]. Solid circles are the present COSY-11 measurements at
nearby, but slightly lower, excess energies, as denoted in the legend.

19.9 MeV and Q = 40.6 MeV show a behavior of the differ-
ential cross sections similar to that of the WASA/PROMICE
data. However, the data sets differ significantly in the backward
hemisphere (Fig. 6). To clarify this situation, precision data
on this topic would be desirable. Currently, new data from
ANKE [33] are under evaluation and these might cast light on
this discrepancy.

Utilizing the determination of the integrated luminosity
via pd elastic scattering [22], the total cross section was
extracted for each of the measured excess energies and shown
in Fig. 7 and Table II. The normalization uncertainty oyorm
is principally due to the luminosity determination from the
pd — pd reaction. The systematic error from the extraction
of the n signal from background is only of minor relevance
in this respect and only becomes significant at Q = 40 MeV,
where the statistics are low. The error bars presented, e.g., in
Fig. 7 represent the total error as a sum of the systematic,
statistical, and normalization errors given in Table II.

Eliminating the phase space factor from the data, the
absolute square of the production amplitudes | f|? is obtained
from the differential cross section data using

P; do
—_— X —_—,
py  dQ

| fI? (1)

where p;‘, and p; are the momenta of the initial proton and
final state n meson in the c.m.s., respectively. This allows
an alternative presentation of the data which stresses the

TABLE II. Extracted values for the production amplitude squared and the total cross section for the pd — 3Hen reaction. The uncertainty

in the beam momentum pyean is of the order of 0.1%.

Prean (GeV/c) O (MeV)  Eyy (MeV)  py (fm™)

Production amplitude | f|?

Total cross section oy

(nb/sr) Ostat Osyst Onorm (nb) Ostat Osyst Onorm
1.581 5.0 900 0.35 592 +12 +38 +64 574 +12 +37 +62
1.593 10.8 911 0.51 327 +10 +41 +34 462 +14 +58 +47
1.602 15.1 918 0.60 227 +12 +22 +24 378 +20 +37 +40
1.612 19.9 927 0.69 187 +14 +16 +19 356 +27 +30 +37
1.655 40.6 964 0.99 109 +7l +43 +11 292 +191 +132 +30

—45

—45 —121 —121
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FIG. 7. (Color online) Excitation function of the pd — *Hen
production. (a) Total cross section as a function of the excess energy
Q. (b) Squared production amplitude as a function of the 1 c.m.s.
momentum. The uncertainty in the n-momentum/excess energy is of
the order of the symbol size [34]. The lines represent fits to the data
based on the two proposed reaction models: The fit to the Mayer ez al.
data was taken from Ref. [8], the fit to the Betigeri et al. data was
taken from Ref. [12], and the estimation within the two-step model
by Stenmark was taken from Ref. [31].

underlying special features of the reaction process (Fig. 7 and
Table II).

Our values of the production amplitudes close the gap
between the SATURNE data [7,8] at low energies and the
higher energy data from WASA/PROMICE [13] and COSY-
GEM [12] (Fig. 7), confirming the strong decrease of the
production amplitude from threshold with increasing excess
energies.

Fits to the data based on the two proposed reaction models
to describe the energy dependence are also presented in
Fig. 7. The dotted line with wide gaps represents a Breit-
Wigner fit to a purely resonant production mechanism, as
proposed by Betigeri et al. [12]. Scaling this for an optimized
description of all data, including the present COSY-11 mea-
surements above 15 MeV excess energy, yields the dash-dotted
line of Fig. 7. Especially in the total cross section plot of
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Fig. 7, it is obvious that this approach is able to describe the
high-energy data, but fails completely to reproduce the shape
of the excitation function below Q = 20 MeV. Furthermore,
the angular distributions presented here, as well as in Refs. [12]
and [13], show that at excess energies above 10-20 MeV one
cannot assume pure s-wave scattering, and therefore the pre-
dominant contribution of an §;; resonance is highly unlikely.

The dashed line corresponds to the application of an n-*He
FSI ansatz [Eq. (2)] to the data from SATURNE [8], as
proposed by Wilkin [6], to refine the energy dependence of
the two-step model of Kilian and Nann:

2

/B
1 —ipya

_ Is
1+2p,3(a) + p23(a)® + p2R(a)*

ViE ='

As well as neglecting the effective range contribution, the
implicit assumption here is that fp varies only slowly with
energy.

Although this approach is only valid in the near-threshold
region, for demonstration purposes the curve has been ex-
tended up to higher excess energies. In addition to the data
from Ref. [8], this curve also describes our highest energy
data points within the error bars and the lowest energy
WASA/PROMICE data point, but fails to describe the data
from WASA/PROMICE and COSY-GEM at higher excess
energies. However, as already pointed out in Ref. [35], the
x2/ng; of such a fit to the results of Ref. [8] alone is
inconsistent with the quoted statistical uncertainties of the data.

A different calculation by Stenmark [31], also exploiting
a two-step model approach, is included in Fig. 7 as a dotted
line with narrow gaps. This prediction is only valid for higher
excess energy data (Q > 18 MeV), where higher partial waves
contribute to the reaction process. According to Ref. [31],
when including FSI effects and assuming that the FSI affects
p and d waves by the same amount as it affects s waves, this
model is able to roughly reproduce the energy dependence of
the WASA/PROMICE data but overestimates the differential
cross section.

With the additional data from COSY-11, a fit based on
the n->He scattering length approach has been performed
(Fig. 7, solid line). In this fit, only the present results up to an
excess energy of 10.8 MeV (p, = 0.51 fm~!) and the data from
Refs. [7,8] have been included, as the FSI calculation from
Ref. [6] is only valid for pure s waves and the angular
distributions of data above Q = 10.8 MeV reveal contributions
of higher partial waves, as is obvious in Fig. 5. Based on
this data selection, the scattering length a was determined
to be [M(a)| =4.2+£0.5 fm, J(a) = 0.4 £ 1.9 fm, and fp =
39.6 £ 7.6 nb/sr (Fig. 7, solid line).

Despite the good description of the shape, the curve does not
fit perfectly the SPES-II/IV or the COSY-11 data because of
a discrepancy in the absolute scale of the extracted total cross
sections. Nevertheless, the observed shape of the COSY-11
data strongly supports the predictions for a very strong final
state effect.

In Fig. 8, the results of the fitting procedure are presented
in a topological view, showing the direct correlation of the
real and imaginary parts and the restriction on the absolute
value of the real part in the extraction of the scattering length

014004-6
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FIG. 8. (Color online) Fit of the scattering length formula in
the n-*He FSI model approach to all available data from threshold
up to the COSY-11 10.8 MeV measurement. While the real and
imaginary parts are binned in 0.1 fm intervals, the amplitude fj is
fitted, and the corresponding yx2/ng is plotted on the z axis. For
a better visualization the range of the z axis is limited to values
below 3. The inner dark (blue) areas correspond to the best 2 values.

(Eq. (2)). Presented is the x?/ng (z axis) for the fit to the
data, as a function of the N(a)/I(a) combinations within the
selected range (x2/ngr < 3).

This presentation allows direct insight into the uncertainty
of the fit to the data. In Ref. [35] the n->He scattering length
was extracted in a similar way using only the data from Refs.
[7,8], yielding M(a) = 4.3 £ 0.3 fmand J(a) = 0.5. = 0.5 fm.
Within the uncertainty of the fitting procedures, these values
agree with the scattering length we extracted from the extended
database that included the COSY-11 results.

Another hint that the observed excitation function is
determined in large part by a FSI effect can be obtained by com-
paring the results presented in Fig. 7 with photoproduction data
for y3He — *Hen (Fig. 9). Such measurements have been

* YSHe measurement by TAPS/MAMI,
scaled arbitrarily to the pd data
SPES-IV

SPES-II

COSY-GEM

WASA-PROMICE

COSY-11

Fit to the scattering length by COSY-11

|ﬂ2 [arb. units]

[INSTRRTRRTIN | TSI NTTR S NS L

RTINS TR NS R
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Py [1/fim]

FIG. 9. Squared absolute production amplitude for the n->He final

state in y*He and pd collision. The photoproduction data (stars) have

been scaled arbitrarily to fit the pd data at p, < 0.8 fm™".
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carried out [36], investigating the excitation function from a
few MeV above threshold up to the highest WASA/PROMICE
excess energy. When scaled arbitrarily to fit the lower energy
points to the scattering-length-fit curve to the proton-deuteron
data, the shape of the excitation function is consistent with the
close-to-threshold data and with the n-*He FSI description.

The photoproduction data [36] reveal an enhancement in
the excitation function, as indicated at a lower level by the
WASA/PROMICE data [13]. However, when moving to higher
excess energies (p, > 0.8 fm™!), the different underlying
production processes also have to be taken into account. This
enhancement might be taken as an indication for an  bound to
a’He, where the real part of the scattering length would have to
become relatively large and negative to allow such a state [37].
However, the sign of the real part of the scattering length is not
directly accessible, and the experimental data are not sufficient
to draw final conclusions from the y *He measurements alone.
The limited statistics in Ref. [36] leave an ambiguity in
the results that makes them compatible with zero [38] and
therefore does not allow the differentiation between a bound
or a virtually bound state [39]. Even when combining all the
available data from different reaction processes that produce
the 7, as has been done in Ref. [36], there are still no constraints
in the interpretation of the data that allow the extraction of the
sign of N(a).

V. CONCLUSION AND OUTLOOK

The new data from COSY-11 clearly support a strong
effect of the n->He FSI and confirm a strong decrease of
the production amplitude | f|*> with increasing excess energy
in the region below 20 MeV. Furthermore, an overall fit to
the available data below 11 MeV excess energy allows one
to extract information on the real and imaginary parts of
the scattering length. However, the data, especially in the
near-threshold region, are not sufficient to determine with
precision both the real and imaginary parts. This leads to the
conclusion that the extraction of the n-*He scattering length
with high accuracy from the excitation function requires very
precise near-threshold data from a single experimental facility.
Such additional measurements have in fact been performed
recently [33,40].

Furthermore, it is seen that up to now, none of the
theoretical models can describe the excitation function over the
whole range of measured beam momenta. A two-step model
approach, such as that in Ref. [31] for higher excess energies,
when combined with a final state refinement [6] to account for
the special energy dependence in the near-threshold region is
a promising candidate for a comprehensive description of the
excitation function. Further theoretical and experimental work
in this field will be of great value.
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