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A high statistics measurement of thepp→pph reaction at an excess energy ofQ=15.5 MeV has been
performed at the internal beam facility COSY-11. The stochastically cooled proton beam and the used detection
system allowed to determine the momenta of the outgoing protons with a precision of 4 MeV/c ssd in the
center-of-mass frame. The determination of the four-momentum vectors of both outgoing protons allowed to
derive the complete kinematical information of thehpp system. An unexpectedly large enhancement of the
occupation density in the kinematical regions of low proton-h relative momenta is observed. A description
taking the proton-proton and theh-proton interaction into account and assuming an on-shell incoherent pair-
wise interaction among the produced particles fails to explain this strong effect. Its understanding will require
a rigorous three-body approach to thepph system and the precise determination of contributions from higher
partial waves. We also present an invariant mass spectrum of the proton-proton system determined atQ
=4.5 MeV. Interestingly, the enhancement at large relative momenta between protons is visible also at such a
small excess energy. In contrast to all other determined angular distributions, the orientation of the emission
plane with respect to the beam direction is extracted to be anisotropic.
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I. MANIFESTATION OF THE h pp INTERACTION

Due to the short life time of the flavor-neutral mesons
(e.g.,p0,h ,h8), the study of their interaction with nucleons
or with other mesons is at present not feasible in direct scat-
tering experiments. One of the methods permitting such in-
vestigations is the production of a meson in the nucleon-
nucleon interaction close to the kinematical threshold or in
kinematics regions where the outgoing particles possess
small relative velocities. A mutual interaction among the out-
going particles manifests itself in the distributions of differ-
ential cross sections as well as in the magnitude and energy
dependence of the total reaction rate.

In the last decade major experimental[1–8] and theoreti-
cal [9–13] efforts were concentrated on the study of the cre-
ation of p0,h, andh8 mesons via the hadronic interactions
[14–16]. Measurements have been made in the vicinity of
the kinematical threshold where only a few partial waves in
both initial and final states are expected to contribute to the
production process. This simplifies significantly the interpre-
tation of the data, yet it appears to be challenging due to the
three-particle final state system with a complex hadronic po-
tential.

The determined energy dependences of the total cross sec-
tion for h8 [1,2] andh [2–6] mesons in proton-proton colli-
sions are presented in Fig. 1. Comparing the data to the
arbitrarily normalized phase-space integral(dashed lines) re-
veals that the proton-proton FSI enhances the total cross sec-

tion by more than an order of magnitude for low excess
energies. One recognizes also that in the case of theh8 the
data are described very well(solid line) assuming that the
on-shell proton-proton amplitude exclusively determines the
phase-space population. This indicates that the proton-h8 in-
teraction is too small to manifest itself in the excitation func-
tion within the presently achievable accuracy. In case of the
h meson the increase of the total cross section for very low
and very high energies is much larger than expected from the
1S0 final state interaction between protons(solid line),
though for both thepp→pph and pp→pph8 reactions the
dominance of the3P0→ 1S0s transition1 is expected up to an
excess energy of about 40 MeV and 100 MeV, respectively
[14]. The excess at higher energies can be assigned to the

1The transition between angular momentum combinations of the
initial and final states are described according to the conventional
notation[8] in the following way:

2Si+1LJi
i → 2S+1LJ,l , s1d

where superscripti indicates the initial state quantites.Sdenotes the
spin of the nucleons, andJ stands for their overall angular momen-
tum. L and l denote the relative angular momentum of the nucleon-
nucleon pair and of the meson relative to theNN system, respec-
tively. The values of orbital angular momenta are commonly
expressed using the spectroscopic notationsL=S,P,D , . . ., and l
=s,p,d, . . .d.
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significant onset of higher partial waves, and the influence of
the attractive interaction between theh meson and the proton
could be a plausible explanation for the enhancement at
threshold. A similar effect close to threshold is also observed
in the photoproduction ofh via the gd→pnh reaction[19]
indicating to some extent that the phenomenon is indepen-
dent of the production process but rather related to the inter-
action among theh meson and nucleons in theS11s1535d
resonance region. Indeed, a simple phenomenological treat-
ment [13,14,20]—based on factorization of the transition
amplitude into the constant primary production and the on-
shell incoherent pairwise interaction among outgoing par-
ticles — describes very well the enhancement close to the
threshold(dotted line). However, this approach fails for the
description of the invariant mass distribution of the proton-
proton and proton-h subsystems determined recently atQ
=15 MeV by the COSY-TOF Collaboration[21]. The struc-

ture of this invariant mass distribution, which we confirm in
this paper utilizing a fully different experimental method,
may indicate a non-negligible contribution from theP waves
in the outgoing proton-proton subsystem[11]. These can be
produced for instance via1S0→ 3P0s or 1D2→ 3P2s transi-
tions. This hypothesis encounters, however, difficulties in de-
scribing the excess energy dependence of the total cross sec-
tion. The amount of theP-wave admixture derived from the
proton-proton invariant mass distribution leads to a good de-
scription of the excitation function at higher excess energies,
while at the same time it spoils significantly the agreement
with the data at low values ofQ, as depicted by the dash-
dotted line in Fig. 1. However, these difficulties in reproduc-
ing the observed energy dependence might be due to the
particular model used in Ref.[11], and thus higher partial
wave contributions cannota priori be excluded. In contrast
to the P-wave contribution the three-body treatment[18] of
the pph system(dashed-double-dotted line) leads to an even
larger enhancement of the cross section near threshold than
that based on the Ansatz of the factorization of the proton-
proton and proton-h interactions. It must be kept in mind
however that a too strong FSI effect predicted by the three-
body model must be partially assigned to the neglect of the
Coulomb repulsion in these preliminary calculations[18].
These illustrate that the simple phenomenological approach
shown by the dotted line could fortuitously lead to the proper
result, due to a mutual cancellation of the effects caused by
the approximations assumed in calculations and the neglect
of higher partial waves. This issue will be discussed further
in Sec. IV after the presentation of the new COSY-11 data.
The above considerations show unambiguously that for the
complete understanding of the low-energypph dynamics, in
addition to the already established excitation function of the
total cross section, a determination of the differential observ-
ables is also necessary.

These will help to disentangle effects caused by the
proton-h interaction and the contributions from higher partial
waves. In this paper we present differential distributions de-
termined experimentally for variables fully describing the
pph system produced at an excess energy ofQ=15.5 MeV
via thepp→pph reaction.

II. CHOICE OF OBSERVABLES

For the full description of the three-particle system five
independent variables are required. In the center-of-mass
frame, due to the momentum conservation, the momentum
vectors of the particles are lying in one plane often referred
to as the emission, reaction, or decay plane. In this plane
(depicted in Fig. 2) a relative movement of the particles can
be described by two variables only. The square of the invari-
ant masses of the di-proton and proton-h system denoted as
spp and sph, respectively, constitute a natural choice for the
study of the interaction within thepph system. This is be-
cause in the case of noninteracting objects the surface
spanned by these variables is homogeneously populated. The
interaction among the particles modifies that occupation den-
sity and in consequence facilitates an easy qualitative inter-
pretation of the experimental results.

FIG. 1. Total cross section for the reactionspp→pph8 (circles)
andpp→pph (squares) as a function of the center-of-mass excess
energyQ. Data are from Refs.[1–6]. The dashed lines indicate a
phase-space integral normalized arbitrarily. The solid lines show the
phase-space distribution with inclusion of the1S0 proton-proton
strong and Coulomb interactions. In case of thepp→pph reaction
the solid line was fitted to the data in the excess energy range
between 15 and 40 MeV. Additional inclusion of the proton-h in-
teraction is indicated by the dotted line. The scattering length of
aph=0.7 fm+i 0.4 fm and the effective range parameterrph

=−1.50 fm−i 0.24 fm [17] have been arbitrarily chosen. The dash-
dotted line represents the energy dependence taking into account the
contribution from the3P0→ 1S0s,

1S0→ 3P0s, and1D2→ 3P2s tran-
sitions [11]. Preliminary results for the3P0→ 1S0s transition with
the full treatment of the three-body effects are shown as a dashed-
double-dotted line[18]. The absolute scale of dashed-double-dotted
line was arbitrarily fitted to demonstrate the energy dependence
only.
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The remaining three variables must define an absolute ori-
entation of the emission plane in the distinguished coordinate
system. Following Ref.[22] we will use the azimuthal and
polar angle of the vector normal to that plane. These angles
are shown in Fig. 2 asfN

* and uN
* , respectively. Further the

absolute orientation of the particles momenta in the emission
plane will be described bycN, the angle betweenh meson
and the vector product of the beam momentum and the vec-

tor NW .
Obviously, the interaction between the particles does not

depend on the orientation of the emission plane, and there-
fore, it will fully manifest itself in the occupation density of
the Dalitz plot which in our case will be represented in terms
of the square of the invariant masses of the two-particle sub-
systems. The distribution of the orientation of the emission
plane will reflect, however, the correlation between the initial
and final channels and hence its determination should be
helpful for the investigation of the production mechanism.

III. EXPERIMENT AND DATA ANALYSIS

Using the COSY-11 detection system[23,24], utilizing a
stochastically cooled proton beam of the cooler synchrotron
COSY [25] and a hydrogen cluster target[26], we have per-
formed a high statistics measurement of thepp→pph reac-
tion at a nominal beam momentum of 2.027 GeV/c.

The experiment was based on the four-momentum regis-
tration of both outgoing protons, whereas theh meson was
identified via the missing mass technique. The positively
charged particles have been identified combining the time of
flight between the S1 and S3 scintillation detectors and the
momentum reconstructed by tracking trajectories registered
by means of the drift chambers back to the target. The de-
tection setup is sketched in Fig. 3.

After the selection of events with two registered protons,
the data were corrected for the mean beam momentum
changes determined from the measured Schottky frequency
spectra and the known beam optics. Furthermore, from the

distributions of the elastically scattered protons, the Schottky
frequency spectrum, and the missing mass distribution of the
pp→ppX reaction, we have estimated that the spread of the
beam momentum, and the spread of the reaction points in
horizontal and vertical direction amounted tosspbeamd
=0.63±0.03 MeV/c,ssxd=0.22±0.02 cm, and ssyd

FIG. 2. Definition of the center-of-mass kinematical variables used in this article for the description of thepph system.NW is a vector
normal to the emisson plane, which can be calculated as the vector product of the center-of-mass momentum vectors of the outgoing protons.
As an example two extreme orientations of the emisson plane are shown in the right panel. For further description see the text.

FIG. 3. Schematic view of the COSY-11 detection setup[23].
The cluster target[26] is located in front of the accelerator dipole
magnet. Positively charged particles which leave the scattering
chamber through the thin exit foil are detected in two drift chamber
stacks D1, D2 and in the scintillator hodoscopes S1, S2, and S3.
Scintillation detector S4 and the position sensitive silicon pad de-
tector Si are used in coincidence with the S1 counter for the regis-
tration of the elastically scattered protons. Elastic scattering is used
for an absolute normalization of the cross sections of the investi-
gated reactions and for monitoring both the geometrical spread of
the proton beam and the position at which beam crosses the target
[24].
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=0.38±0.04 cm, respectively. Details of this procedure can
be found in Refs.[24,27].

A missing mass spectrum determined after correction for
effects of the time dependent relative shifts between the
beam and the target is shown in Fig. 4.

The peak originating from thepp→pph reaction is
clearly recognizable over the background of multipion pro-
duction. As can be observed in Fig. 4 the simulation de-
scribes the data very well. The calculated spectrum is hardly
distinguishable from the experimental points. The back-
ground was estimated taking into accountpp→ppX reac-
tions with X=2p ,3p, and 4p.

The position of the peak on the missing mass spectrum
and the known mass of theh meson[28] enabled to deter-
mine the actual absolute beam momentum to bepbeam
=2.0259 GeV/c±0.0013 GeV/c, which agrees within error
limits with the nominal value ofpbeam

nominal=2.0270 GeV/c. The
real beam momentum corresponds to the excess energy of
the pph system equal toQ=15.5±0.4 MeV.

A. Covariance matrix and kinematical fitting

As already mentioned in the preceeding section at the
COSY-11 facility the identification of thepp→pph reaction
is based on the measurement of the momentum vectors of the
outgoing protons and the utilization of the missing mass
technique. Inaccuracy of the momentum determination mani-
fests itself in the population of kinematically forbidden re-
gions of the phase space, preventing a precise comparison of
the theoretically derived and experimentally determined dif-
ferential cross sections. Figure 5 visualizes this effect and
clearly demonstrates that the data scatter significantly outside
the kinematically allowed region(solid line).

Therefore, when seeking for small effects like, for ex-
ample, the influence of the proton-h interaction on the popu-

lation density of the phase space, one needs either to fold
theoretical calculations with the experimental resolution or to
perform the kinematical fitting of the data. Both procedures
require the knowledge of the covariance matrix, and thus its
determination constitutes a necessary step in the differential
analysis and interpretation of the data.

In order to derive the covariance matrix we need to rec-
ognize and quantify all possible sources of errors in the re-
construction of the two proton momentapW1 andpW2. The four
dominant effects are(i) finite distributions of the beam mo-
mentum and of the reaction points,(ii ) multiple scattering in
the dipole chamber exit foil, air, and detectors,(iii ) finite
resolution of the position determination of the drift cham-
bers, and(iv) a possible inadequate assignment of hits to the
particle tracks in drift chambers in the case of very close
tracks.

In order to estimate the variances and covariances for all
possible combinations of the momentum components of two
registered protons we have generated 1.53108 pp→pph
events and simulated the response of the COSY-11 detection
setup taking into account the above listed factors and the
known resolutions of the detector components. Next, we ana-
lyzed the signals by means of the same reconstruction pro-
cedure as used in case of the experimental data.

Since inaccuracies of the momentum determination de-
pend on the particle momentum itself(e.g., multiple scatter-
ing) and on the relative momentum between protons(e.g.,
trajectories reconstruction from signals in drift chambers),
we have determined the covariance matrices as a function of
the absolute momentum of both protons. In the experiment
we have measured six variables and once we assume that the
event corresponds to thepp→pph reaction only five of them
are independent. Thus we have varied the values of the event
components demanding that the missing mass is equal to the
mass of theh meson and we have chosen that vector which
was the closest to the experimental one. The inverse of the

FIG. 4. Missing mass spectrum for thepp→ppX reaction deter-
mined in the experiment at a beam momentum of 2.0259 GeV/c.
The mass resolution amounts to 1 MeV/c2ssd. The superimposed
histograms present the simulation for 1.53108 events of thepp
→pph reaction, and 1010 events for the reactionspp→pp2p , pp
→pp3p, andpp→pp4p. The simulated histograms were fitted to
the data varying only the magnitude. The fit resulted in 24009±210
events with the production of theh meson.

FIG. 5. Dalitz plot distribution of thepp→pph reaction simu-
lated atQ=15.5 MeV. The number of entries is shown in a loga-
rithmic scale. The solid line gives the kinematically allowed area.
The result was obtained taking into account the experimental con-
ditions as described in the text.
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covariance matrix was used as a metric for the distance cal-
culation. The kinematical fit improves the resolution by a
factor of about 1.5. The finally resulting error of the momen-
tum determination amounts to 4 MeV/c.

B. Multidimensional acceptance corrections and results

At the excess energy ofQ=15.5 MeV the COSY-11 de-
tection system does not cover the full 4p solid angle in the
center-of-mass system of thepp→pph reaction. Therefore,
the detailed study of differential cross sections requires cor-
rections for the acceptance. Generally, the acceptance should
be expressed as a function of the full set of mutually or-
thogonal variables which describe the studied reaction unam-
biguously. To define the relative movement of the particles in
the reaction plane we have chosen two squares of the invari-
ant masses:spp andsph, and to define the orientation of this
plane in the center-of-mass frame we have taken the three
Euler angles: The first two are simply the polarfh

* and azi-
muthaluh

* angles of the momentum of theh meson and the
third angle c describes the rotation of the reaction plane
around the axis defined by the momentum vector of theh
meson. In the data evaluation we considerably benefit from
the basic geometrical symmetries satisfied by thepp→pph
reaction. Due to the axial symmetry of the initial channel of
the two unpolarized colliding protons the event distribution
overfh

* must be isotropic. Thus, we can safely integrate over
fh

* , ignoring that variable in the analysis. Furthermore, tak-
ing advantage of the symmetry due to the two identical par-
ticles in the initial channel, without losing the generality, we
can express the acceptance as a function ofspp,sph , ucossuh

* du
and c. To facilitate the calculations we have divided the
range ofucossuh

* du and c into ten bins and bothspp and sph

into 40 bins each. In the case of thespp and sph the choice
was made such that the width of the interval corresponds to
the standard deviation of the experimental accuracy. For
ucossuh

* du andc we have taken only ten partitions since from
the previous experiments we expect only a small variation of
the cross section over these variables[21,29,30]. In this rep-
resentation, however, the COSY-11 detection system covers
only 50% of the phase space for thepp→pph reaction at
Q=15.5 MeV. To proceed with the analysis we assumed that
the distribution over the anglec is isotropic as it was, for
example, experimentally determined for thepp→ppv, pp
→ppr, or pp→ppf reactions[29,31]. Please note that this
is the only assumption of the reaction dynamics performed in
the present evaluation. The validity of this supposition in the
case of thepp→pph reaction will be discussed later.

The distribution of the polar angle of theh meson as
derived from the data after the acceptance correction was
found to be isotropic within the statistical accuracy. Taking
into account this angular distribution of the cross section we
can calculate the acceptance as a function ofspp andsph only.
This is shown in Fig. 6, where one sees that now the full
phase space is covered. This allows us to determine the dis-
tributions ofspp andsph.

Knowing the distribution of the polar angle of theh me-
sonuh

* and those for the invariant massesspp andsph we can
check whether the assumption of the isotropy of the cross

section distribution versus the third Euler’s anglec is cor-
roborated by the data. For that purpose we calculated the
acceptance as a function ofc andsph assuming the shape of
the differential cross sections ofds /dspp and ds /d cossuh

* d
as determined experimentally. Unexpectedly, contrary to the
assumption made at the beginning, the cross section distribu-
tion in ds /dc was found to be anisotropic. Therefore we
performed a full acceptance correction procedure from the
very beginning assuming that the distribution ofds /dc is as
determined from the data. After repeating the procedure three
times we observed that the input and resultant distributions
are in good agreement. The result after the third iteration is
shown in Fig. 7 by the full circles. To raise the confidence in

FIG. 7. Distribution of the cross section as a function of the
angle c. Full circles stand for the final results of theds /dc ob-
tained after three iterations. The superimposed histogram(solid
line) corresponds to the fit of the functionds /dc=a+businscdu
which resulted in a=0.186±0.004mb/sr and b=0.110±0.014
mb/sr. The dashed line shows the entry distribution used for the
second series of iterations as described in the text. Open circles
represent the data from the left upper corner of the Dalitz plot(see,
for example, Fig. 6). At that region of the Dalitz plot due to the
nonzero four-dimensional acceptance overfspp,sph , ucossuh

* du ,
cg bins the spectrum(open circles) was corrected without a neces-
sity of any assumptions concerning the reaction cross section.

FIG. 6. COSY-11 detection acceptance as a function ofspp and
sph, calculated under the assumption that the differential cross sec-
tions ds /d cossuh

* d andds /dc are isotropic.
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the convergence of the performed iteration we accomplished
the full procedure once more, but now assuming that the
distribution of ds /dc is much more anisotropic than deter-
mined from the data. As an entry distribution we took the
dashed line shown in Fig. 7. Again after two iterations we
got the same result as before. To corroborate this observation
we have evaluated the distribution overc angle(see Fig. 7)
from the phase-space region which has no holes in the ac-
ceptance expressed as a four-dimensional function of the
variablesspp,sph , ucossuh

* du, andc, this is for the values ofspp

and sph corresponding to the upper left corner of Fig. 6.
Again the obtained distribution presented as open circles in
Fig. 7 is anisotropic, and moreover agrees with the spectrum
determined from all events. The deviation from isotropy can-
not be assigned to any unknown behavior of the background
since the obtained distribution can be regarded as back-
ground free. This is because the number ofpp→pph events
was elaborated for each invariant mass interval separately.
The comparison of the simulated distributions with the data
showed that the shape of the background is well reproduced
not only for the overall missing mass spectrum as shown
previously in Fig. 4 but also locally in each region of the
phase space. Since the experimental data are quite well de-
scribed by the simulations we can rather exclude the possi-
bility of a significant systematical error which could cause
the observed anisotropy of the differential cross section
ds /dc. The anisotropy of the cross section in thec angle
reflects itself in an anisotropy of the orientation of the emis-
sion plane.

The cross section distribution in the polar angleuN
* of the

vector normal to that plane is shown in Fig. 8 and the corre-
sponding values are listed in Table I(see the electronic ad-
dendum to this paper[32]).

The distribution is not isotropic, which is particularly vis-
ible for the low values ofucossuN

* du burdened with small er-
rors. As depicted in Fig. 2 theucossuN

* du=0 denotes such con-
figuration of the ejectiles momenta in which the emission
plane comprises the beam axis. In that case the acceptance of
the COSY-11 detection system is much larger than for the

configuration where the emission plane is perpendicular to
the beam. Due to this reason the error bars in Fig. 8 increase
with growth of ucossuN

* du. It is worth stressing that the ten-
dency of thepph system to be produced, preferentially if the
emission plane is perpendicular to the beam is in line with
the preliminary analysis of the experiment performed by the
TOF Collaboration[22]. Elucidation of that nontrivial behav-
ior can reveal interesting features of the dynamics of the
production process.

It is important to note that the shape of thespp,sph, and
cossuh

* d distributions remains unchanged during the whole
iteration procedure.

C. Total and differential cross sections

Though the form of thespp,sph, and cossuh
* d is indepen-

dent of thec distribution, the total cross section derived from
the data depends on the shape ofds /dc quite significantly. It
amounts to 3.24±0.03mb, yet it changes by ±0.2mb when
varying the parameters of the functionds /dc=a+businscdu
by ± three standard deviations. Therefore, we use that varia-
tion as an estimation of the systematic error in the acceptance
correction. To this we must add a 3% systematical uncer-
tainty stemming from the luminosity determination[27]. The
luminosity was extracted from the comparison of the mea-
sured differential distribution of the elastically scattered pro-
tons with the results of the EDDA Collaboration[33]. The
determined value amounts to 811±8±s3%d nb−1. Thus the
overall systematical error of the cross section value amounts
to 0.30mb.

In summary, we determined that atQ=15.5 MeV the total
cross section for thepp→pph reaction is equal to
3.24±0.03±0.30mb, where the first and second errors de-
note the statistical and systematical uncertainty, respectively
[34].

In the following we will present the values for the deter-
mined differential cross sections. If possible the data will be
compared to the result of measurements performed at the
nonmagnetic spectrometer COSY-TOF[21]. An interpreta-
tion of the elaborated distribution follows in the following
section. The distributions of the squared invariant masses are
listed in Table II of Ref.[32], and corresponding figures are
shown in the following section. The distribution of the polar
angle of theh meson emission in the center-of-mass system
is given in Table I of Ref.[32] and shown in Fig. 9.

Clearly, our data agree very well with the angular depen-
dence determined by the TOF Collaboration.

Since one of the important issues which we will discuss in
the following section is the contribution from higher partial
waves, we evaluated also an angular distribution of the rela-
tive momentum of two protons seen from the proton-proton
center-of-mass subsystem(see Fig. 10). The distribution of
that angle should deliver information about the partial waves
of the proton-proton system in the exit channel.

In case of the two-body scattering, the beam direction,
which is at the same time the line along which the center-of-
mass system is moving, constitutes the reference frame for
the angular distributions. For a three-body final state, how-
ever, the beam axis is not a good direction to look for the

FIG. 8. Differential cross section as a function of the polar angle
of the vector normal to the emission plane.
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angular distributions relevant for the relative angular mo-
menta of the two particles[35]. But by analogy to the two-
body system, an instructive reference axis for angular distri-
butions in the proton-proton subsystem is now the
momentum of the recoilh meson, since the direction of that

meson is identical with the direction of the movement of the
proton-proton center-of-mass subsystem. The distribution of
the differential cross section in cossupp

** d is given in Table I of
Ref. [32]. In this table we listed also the differential cross
section as a function of angleupp

* of the relative proton mo-
mentum seen from the overall center-of-mass frame, as this
is often considered in theoretical works. In Fig. 11 our results
are compared to the angular distribution extracted by the
TOF Collaboration. Both experiments agree very well within
the statistical accuracy and indicate a slight decrease of the
cross section with increasingucossupp

** du.

IV. INTERPRETATION OF RESULTS

The interaction between particles depends on their rela-
tive momenta or equivalently on the invariant masses of the
different combinations of the two-particle subsystems.
Therefore modifications of the phase-space abundance
should appear in the kinematical regions where the outgoing
particles possess small relative velocities.

Figure 12 presents the projection of the phase-space dis-
tribution onto the square of the proton-proton invariant mass
ssppd. The superimposed lines correspond to the calculations
performed under the assumption that the production ampli-
tude can be factorized into a primary production and final
state interaction. The dotted lines result from calculations
where only the proton-proton FSI was taken into account,
whereas the thick-solid lines present results where the overall
enhancement was factorized into the corresponding pair in-
teractions of thepph system. This factorization Ansatz is of
course only valid if the different amplitudes are completely
decoupled which is certainly not the case here. Therefore,
these calculations should be considered as a rough estimate
of the effect introduced by the FSI in the different two-body
systems. The enhancement factor accounting for the proton-
proton FSI has been calculated[14,37] as the square of the
on-shell proton-proton scattering amplitude derived accord-

FIG. 9. Differential cross section of thepp→pph reaction as a
function of theh meson center-of-mass polar angle. Full circles
depict experimental results for thepp→pph reaction measured at
Q=15.5 MeV by the COSY-11 Collaboration(this article) and the
open circles were determined by the TOF Collaboration atQ
=15 MeV [21]. The TOF points were normalized in amplitude to
our result, since for that data the absolute scale is not evaluated.

FIG. 10. Definition ofupp
** , the polar angle of the relative proton-

proton momentum with respect to the momentum of theh meson as
seen in the di-proton rest frame. Lower picture shows differential
cross section inupp

** as determined for thepp→pph reaction atQ
=15.5 MeV.

FIG. 11. Distribution of the center-of-mass polar angle of the
relative protons momentum with respect to the beam direction de-
termined for thepp→pph reaction atQ=15.5 MeV. The COSY-11
result (closed circles) is compared to the data points determined at
Q=15 MeV by the TOF Collaboration(open circles) [21].
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ing to the modified Cini-Fubini-Stanghellini formula includ-
ing the Wong-Noyes Coulomb corrections[38]. The homo-
geneous phase-space distribution(thin-solid lines) deviates
strongly from the experimentally determined spectra. The
curves including the proton-proton and proton-h FSI reflect
the shape of the data for small invariant masses of the
proton-proton system, yet they deviate significantly for large
spp and smallsph values. An explanation for this discrepancy
could be a contribution fromP-wave proton-proton interac-

tion [11] or a possibly inadequate assumption that proton-h
and proton-proton interaction modify the phase-space occu-
pations only as incoherent weights[36].

A slightly better description is achieved when the proton-
proton interaction is accounted for by the realistic nucleon-

FIG. 12. Distributions of the squares of the proton-protonssppd
and proton-h ssphd invariant masses determined experimentally for
the pp→pph reaction at the excess energy ofQ=15.5 MeV by the
COSY-11 Collaboration(closed circles), at Q=15 MeV by the TOF
Collaboration (open circles) [21], and at Q=16 MeV by
PROMICE/WASA(open triangles) [30]. The TOF and PROMICE/
WASA data have been normalized to those of COSY-11, since these
measurements did not evaluate the luminosities but rather normal-
ized the results to Ref.[5] (see also comment[34]). The integrals of
the phase-space weighted by the square of the proton-proton on-
shell scattering amplitude(dotted lines)—FSIpp, and by the product
of FSIpp and the square of the proton-h scattering amplitude(thick-
solid lines) have been normalized arbitrarily at small values ofspp.
The thick-solid line was obtained assuming a scattering length of
aph=0.7 fm+i0.4 fm. The expectation under the assumption of the
homogeneously populated phase space are shown as thin-solid
curves.

FIG. 13. (Upper picture) Distribution of the square of the
proton-protonssppd invariant mass for thepp→pph reaction at an
excess energy ofQ=15.5 MeV. Solid and dashed lines correspond
to the calculations under the assumption of the3P0→ 1S0s transition
according to the models described in Refs.[10,39] and Refs.
[11,40], respectively. The dotted curve shows the result with the
inclusion of the1S0→ 3P0s contribution as suggested in Ref.[11].
(Lower picture) The same data as above but with curves denoting
preliminary three-body calculations[18] of the finalpph system as
described in Ref.[41]. At present only the dominant transition
3P0→ 1S0s is taken into account and the production mechanism is
reduced to the excitation of theS11s1535d resonance via the ex-
change of thep andh mesons. The solid line was determined with
the rigorous three-body approach[18] where the proton-proton sec-
tor is described in terms of the separable Paris potential(PEST3)
[42], and for theh-nucleon scattering amplitude an isobar model
analogous to the one of Ref.[43] is used with ahN=0.5 fm
+ i·0.32 fm. The dashed line is obtained if only pairwise interactions
spp+phd are allowed. The effect of proton-proton FSI at smallspp

is overestimated due to neglect of Coulomb repulsion between the
protons. The lines are normalized arbitrarily but their relative am-
plitude is fixed from the model.
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nucleon potential. The upper picture in Fig. 13 depicts the
results obtained using two different models for the produc-
tion process as well as for theNN interaction[10,39,11,40].

The calculations for the3P0→ 1S0s transition differ
slightly, but the differences between the models are, by far,
smaller than the observed signal.

Therefore we can safely claim that the discussed effect is
rather too large to be caused by the particular assumptions
used for the production operator andNN potential.

As can be seen in Fig. 9, the distribution of theh polar
angle in the center-of-mass frame is fully isotropic. This is
the next evidence — besides the shape of the excitation func-
tion and the kinematical arguments discussed in Ref.[14] —
that at this excess energysQ=15.5 MeVd the h meson is
produced in the center-of-mass frame predominantly with the
angular momentum equal to zero. Similarly, the distribution
determined for the polar angle of the relative proton-proton
momentum with respect to the momentum of theh meson as
seen in the di-proton rest frame is also consistent with isot-
ropy. Anyhow, even the isotropic distribution in this angle
does not imply directly that the relative angular momentum
between protons is equal to zero, because of their internal
spin equal to 1

2. Therefore, the contribution from the
3P0-wave produced via the1S0→ 3P0s transition cannot be
excluded. The isotropic angular distribution, as pointed out
in Ref. [11], can also be principally achieved by the destruc-
tive interference between the transitions1S0→ 3P0s and
1D2→ 3P2s.

As shown in Ref.[11] the invariant mass distributions can
be very well described when including higher partial-wave
amplitudes. In fact, as depicted by the dotted line in the
upper panel of Fig. 13, an admixture of the1S0→ 3P0s tran-
sition leads to the excellent agreement with the experimen-

tally determined invariant mass spectra. However, at the
same time, the model of Ref.[11] leads to strong discrepan-
cies in the shape of the excitation function as can be deduced
from the comparison of the dash-dotted line and the data in
Fig. 1. Whereas it describes the data points in the excess
energy range between 40 MeV and 100 MeV, it underesti-
mates the total cross section below 20 MeV by a factor of 2.

Interestingly, the enhancement at largespp is visible also
at much lower excess energy. This can be concluded from
Fig. 14 in which the COSY-11 data atQ<4.5 MeV [44] are
compared to the simulations based on the assumption that the
phase-space abundance is due to the proton-proton FSI only.
This observation could imply that the effect is caused by the
proton-h interaction rather than higher partial waves, since
their contribution at such small energies is quite improbable
[14]. However, as shown in the lower part of Fig. 13 the
rigorous three-body treatment of thepph system leads at
large values ofspp to the reduction of the cross section in
comparison to the calculation taking into account only first-
order rescatteringspp+phd [18]. Here, both calculations in-
clude only the3P0→ 1S0s transition. Though the presented
curves are still preliminary, we can qualitatively assess that
the rigorous three-body approach, in comparison to the
present estimations, will on one hand enhance the total cross
section near threshold as shown in Fig. 1, while on the other
hand it will decrease the differential cross section at large
values of spp. This is just opposite to the influence ofP
waves in the proton-proton system.

From the above presented considerations it is rather obvi-
ous that the rigorous three-body treatment of the produced
pph system and the exact determination of the contributions
from the higher partial waves may result in the simultaneous
explanation of both observations: the near-threshold en-
hancement of the excitation function of the total cross sec-
tion and the strong increase of the invariant mass distribution
at large values ofspp. For the unambiguous determination of
the contributions from different partial waves spin dependent
observables are required[11]. The first attempt has been al-
ready reported in Ref.[45].

V. CONCLUSION

Using the stochastically cooled proton beam at the Cooler
Synchrotron COSY and the COSY-11 facility we have deter-
mined the total and differential cross sections for thepp
→pph reaction at an excess energy ofQ=15.5 MeV. The
high statistics data sample allowed for the clear separation of
events corresponding to thepp→pph reaction from the mul-
tipion production at each investigated phase-space bin, and
the multidimensional acceptance correction allowed to ex-
tract the result without the necessity of any assumption about
the reaction process.

The determined distributions of the center-of-mass polar
angle of theh meson emission as well as the distribution of
the relative proton-proton momentum with respect to the mo-
mentum of theh meson are consistent with isotropy, though
in the latter a small tendency of an increase of the cross
section at 90° is observed. In contrast a rather strong de-
crease of the cross section was found at 90° for the center-

FIG. 14. Distribution of square of the proton-proton invariant
mass from thepp→pph reaction measured at COSY-11 for the
excess energy range 4 MeVøQø5 MeV [6,44]. Numerical values
are listed in Table III(see the electronic addendum to this paper
[32]). The superimposed line shows the result of simulations per-
formed under the assumption that the phase-space population is
determined exclusively by the on-shell interaction between outgo-
ing protons.
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of-mass polar angle of the vector normal to the emission
plane. Explanation of that effect may reveal an interesting
characteristic of the dynamics of the production process.

The determined invariant mass spectra of the two-particle
subsystems deviate strongly from the predictions based on
the homogeneous population of events over the phase space.
Deviations at low proton-proton invariant mass values can be
well explained as an influence of theS-wave interaction be-
tween the two protons. However, an unexpectedly large en-
hancement of the occupation density in the kinematical re-
gions of low h-proton relative momentum is not yet
understood. We have demonstrated that for the simultaneous
description of the excitation function and invariant mass dis-

tributions a rigorous three-body calculation with inclusion of
the contribution from higher partial waves is needed.
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