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The detailed study of the reaction pp — ppn® was carried out at seven energies of the incident
proton in the region 600-900 MeV. Energy spectra, angular, and effective mass distributions were
analyzed. The analysis was performed in the framework of the one-pion exchange model. Taking
into account only the P33 wave in the pole diagrams allows one to obtain good agreement with
experimental data on various differential distributions. At the same time the predictions for total
cross sections are much lower than the experimental data.

PACS number(s): 13.75.Cs, 25.40.Ep
I. INTRODUCTION

The process of pion production is the main inelastic
one in NN interactions at energies below 1 GeV. Despite
the fact that a lot of experiments have been performed,
many questions on this process are not yet answered. One
of them is a question of the contribution of the isoscalar
(I=0) channel to the inelastic neutron-proton collisions.
Since the neutron-proton scattering amplitude contains
both isoscalar and isovector (I=1) contributions, a de-
tailed investigation of the neutral pion production in pp
collisions, as a first step, might give the most accurate
information on the isovector channel.

Various theoretical models, more or less successful,
arose while the data on the pion production in NN colli-
sions were accumulating. One of them was the semiphe-
nomenological isobar model by Mandelstam [1] which as-
sumed that the pion production is dominated by forma-
tion of the intermediate VA state following decay of the
isobar to a nucleon and a pion. The theory supposed the
energy independence of the amplitude and contradicted
experimental data at energies higher than 700 MeV. An
earlier peripheral or one-pion exchange (OPE) model [2]
assumed the dominance of the one-pion exchange term
in the inelastic amplitude. Pole diagram matrix elements
were calculated using the uncertain before-hand form fac-
tor, the interference between diagrams being neglected.
The form factor function was obtained then by fitting
the experimental data, so actually this was a semiphe-
nomenological model. Its predictions were in rather good
agreement with rough measurements of the differential
cross sections in the energy range 800-1300 MeV. It was
one of the reasons why both theoretical and experimental
investigations in this energy range were not very popular.

The situation changed drastically when structures were
observed in the energy dependence of the difference of the
proton-proton total cross sections in the pure spin states,
Aoy, and Aot [3]. One of the intriguing possible explana-
tions of these structures was a hypothesis of the dibaryon
resonances. Intensive investigations in this field enriched
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considerably both the theory of the pion production and
experimental data, though the status of these dibaryons
is not clarified yet [4].

After the work in Refs. [5-7] it became evident that
the modifications of the one-pion exchange model used
there describe rather well (with an accuracy of 5-10 %)
the differential spectra of secondaries of the pp — pnnt
reaction which presented the most part of experimental
information that time. The total cross sections were pre-
dicted to be a little lower than observed [6]. For other
reactions,e.g., pp — pp7®, the discrepancies between the
theory and experiment [8-12] were larger.

It should be noted that the experimental data on the
pp — ppm? reaction are much more scarce than those for
pp — pnwt channel. The only data on the spectra of sec-
ondaries in the energy range 700-1000 MeV are presented
in Ref. [13], the statistics being rather poor. KEK data
[11] contain information only on the total cross sections
with an energy step of about 100 MeV, which makes it
difficult to analyze correctly the energy behavior of the
total cross sections in the region of the dibaryon reso-
nances expected. For this reason, we consider it impor-
tant to perform more accurate measurements of the cross
sections with an energy step about 40-50 MeV and to
compare carefully the differential distributions of secon-
daries in the pp — ppn® reaction with the predictions of
the modern OPE model. Such comparisons would allow
one to see strong and weak sides of this simplest theo-
retical model, as well as to judge the necessity of some
additional nonperipheral mechanisms of the pion produc-
tion in NN collisions. Our results on the total cross
sections of the reaction were published in [12]. Here we
present the investigation of the differential spectra and
their comparison with the advanced OPE model [7].

II. EXPERIMENT

The measurements were performed at the PNPI syn-
chrocyclotron with help of the 35 cm hydrogen bubble
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TABLE L. Numbers of events and cross section values of the pp — ppm® reaction.

P (MeV/c) 1217 1279 1341 1389 1437 1485 1536
Nevents 642 621 880 993 899 1000 1318
Oppxo (mb)  2.074£0.09 2.85+0.13 3.31+0.19 3.70+0.14 3.73+£0.15 3.96£0.15 4.20%0.15
Oexp/TOPE 2.55 2.21 1.82 1.67 1.46 1.39 1.35

chamber disposed in the 1.48 T magnetic field. The pro-
ton beam after the corresponding absorber was formed by
three bending magnets and by eight quadrupole lenses.
The value of the incident proton momentum was in-
spected independently by the kinematics of the elastic
scattering events. The accuracy of the incident momen-
tum value was +2 MeV/c, the momentum spread being
4-5% (FWHM). A total of 3 x 10° stereo frames were
obtained at seven proton energies. The larger number of
pictures taken at low energies was inversely proportional
to the expected cross section value for the neutral pion
production.

According to the kinematics of the pion production
in NN collisions, laboratory angles of secondary protons
are in the forward hemisphere, the maximum angle being
not larger than 60° at our energies. For this reason we
selected two-prong events with track angles in the plane
of the film not larger than 60°.

Events so selected could belong not only to the neutral
pion production, but also to the elastic pp scattering or
to the m+ production reaction. The events in the fiducial
volume of the chamber were measured and geometrically
reconstructed. The identification of the events was per-
formed on the strength of the x? criterion, the confidence
level being equal to 1%. If the event had good x? for the
elastic version (4C fit) it was considered to be an elastic
one. If both inelastic versions revealed good x?, we used
a visual estimate of the ionization density to distinguish
between the proton and pion.

Standard bubble chamber procedure was used to ob-
tain absolute cross sections [12]. Absolute values were
measured with an accuracy of 3-4 %, which is the most
accurate measurement in the energy range in question.
The cross sections obtained for the pp — ppm® reaction
are given in Table I together with the statistics at every
proton momentum and the ratios of the experimental val-
ues to the OPE model predictions calculated here.

III. ONE-PION EXCHANGE MODEL

According to the OPE model [2], the main role in the
reaction NN — NN belongs to the pole diagrams (Fig.
1). The matrix element corresponding to any diagram
can be presented as a product of three factors: the prop-
agator, the amplitude of the 7N scattering, and the TN N
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FIG. 1. Feynman diagrams of the OPE model for the
NN — NN reactions.
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where z; is the total energy of the wN system, y? is
the square of the four-momentum transferred in the = N-
scattering vertex, k2 is the square of the four-momentum
of the virtual pion, and u? is the pion mass squared.
The form factor function of the 7NN vertex taking
into account the nonpole diagrams contribution was not
determined in the frame of the OPE model. On the other
side, for the form factor the following form was suggested:

G(k?) = ap?[[k] + (o + 1)u’]. 2)

The choice of o in the range (8-9)p~2 gives a good de-
scription for the experimental data on the pp — pnnt
reaction in the energy range 600-1000 MeV [7].

The 7N-scattering amplitude $(z;,y%;k?) and its off-
shell behavior was taken according to [2], where the off-
shell corrections were introduced into partial waves. We
confined ourselves to the P33 wave only in the partial
wave expansion, assuming the leading role of the 33 res-
onance in the 7N scattering. The partial off-shell 33 am-
plitude was taken in the form

f33(z,-;ki2) = P(kf)fs;,(zi;——uz), (3)

where I'(k?) is the off-shell correction factor calculated
in [2] from dispersion relations, while the on-shell partial
f33 amplitude was taken in a Breit-Wigner form:

Frsls 1) = (@ = z) — /2

(4)
with v = 2v¢(ab?)3(1 + ab?) 2, 2*=1232 MeV, a = 6.3 X
1073 MeV~1, 4 = 58 MeV; b¢ is the momentum of the
proton, scattered on a virtual pion.

The reaction matrix element is a sum of the matrix
elements of the corresponding diagrams

M = M4 — Mp — Mc + Mp, (5)

where the choice of signs is determined by the Pauli prin-
ciple. All possible interference terms were taken into ac-
count. Details of the OPE model we used can be found
in [7].

We used a FOWL simulation program [14] in order to
obtain all distributions required at once.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

The main evidence of the pole diagram contribution
would definitely be the observation of the peak in the
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distribution on the momentum transfer from the target
particle to the secondary proton [e.g., for the diagram A
distribution on the A? = —(p; — ¢2)?] at low momentum
values. On the other hand, since there is no difference
between the final protons in the pp — ppn® reaction, it is
difficult to separate the contribution of a certain diagram
experimentally. The whole momentum transfer distribu-
tion will be rather complex, because other diagrams have
their own singularities. Figure 2 shows, as an example,
the contributions of various diagrams to A? distribution
for the incident momentum 1534 MeV/c. The contri-
bution of diagram A really contains the low momentum
peak, while the B-diagram contribution has a maximum
at high AZ2. It is quite natural because diagram B has a
singularity in A2 =—(p; —g3)? distribution, so for this di-
agram the beam proton is a spectator and A2 is not small
(p2 is the nucleon mass in the laboratory system and g,
is almost equal to p;). The contributions of diagrams C
and D are similar to those of B and A, respectively, but
more spread out.

Figure 3 shows the experimental A2 distributions
for seven energies together with OPE model predic-
tions (dashed lines) and phase space calculations (bro-
ken lines), normalized by the total experimental cross
sections. The numerical values of the experimental data
for these and the following distributions can be found in
the tables of Ref. [28]. The solid lines in Fig. 3 and the
following ones present absolute values of the OPE model
calculations—they are given only for the lowest and the
highest beam energies. One can see that these absolute
values do not agree with the experiment (see Table I too).
We shall return to this question later when we will discuss
the energy dependence of the cross sections. The beam
momentum values, given in the figures, correspond to the
beam at the chamber entrance and differ by 2 MeV/c on
average from the values in Table L.

If we are distracted from the absolute cross-section val-
ues, we can see that the OPE model describes qualita-
tively well experimental data on A? (Fig. 3) at all en-
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FIG. 2. The contributions of various diagrams to the
four-momentum transfer A? distribution. The solid curve is
the contribution of the A diagram, the long dashed curve
is that of B diagram, the small dashed and dot-dashed —
the contributions of C and D, respectively. The dotted curve
shows the sum of all four diagrams normalized to the exper-
imental cross section. X,Y denote intervals in which A and
B diagrams dominate, respectively.
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FIG. 3. The four-momentum transfer A? distributions.
The solid curves are the OPE model predictions. The small
dashed and dashed curves are the calculations of the OPE
model and the phase space normalized to the experimental
cross section.

ergies studied. It is remarkable because one should bear
in mind that only the P33 wave was taken into account
in the 7N scattering. Maybe the A2 distribution is sen-
sitive mainly to the pole diagram propagator, and the
dependence on the 7N amplitude will manifest itself in
other distributions.

Figure 4 presents the distributions in momentum
transfer from the beam proton to 7% meson [r? =—(p; —
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FIG. 4. The four-momentum transfer r? distribution. The
curves have the same meaning as in Fig. 3.
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g)?]. Again one can see the qualitative agreement be-
tween the OPE calculations and the experimental data,
though these distributions are less sensitive to the model
since the phase space curves are also in reasonable agree-
ment with the experiment. One can conclude at least
from these data that the contribution of the diagrams
with the nucleon exchange is rather small because the
experiment does not reveal any peak at low 72 as com-
pared with the phase space.

One of the criteria of the peripherality of the interac-
tion is the isotropy of the Treiman-Yang angle distribu-
tion [15]. It should be isotropic if the process is deter-
mined by the exchange of the scalar particle (in our case
by a neutral pion). However, because of the indistin-
guishablity of the final protons (e.g., for diagram A one
can take a ¢; proton from the w N-scattering block instead
of the g2 proton) the final Treiman-Yang angle distribu-
tion can be distorted. For this reason one should compare
the experimental data with the calculations in which all
the diagrams of Fig. 1 are taken into account. Figure
5 demonstrates our experimental distributions with ex-
pected OPE calculations. One can see the discrepancies
between the experiment and model predictions at higher
beam energies, which is the evidence that some other
mechanism (besides OPE) contributes to the pion pro-
duction process.

Figures 6 and 7 show the laboratory momentum spec-
tra of final protons and the pion of the pp — ppn® re-
action. In proton spectra one can see two peaks: one
is in the region 300-400 MeV/c (independently of the
incident energy); the second one moves to the left with
the decrease of the beam energy. The low-energy peak
corresponds to the target proton as a spectator, while
the high-energy one corresponds to the incident proton
as a spectator. OPE calculations describe the experi-
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FIG. 5. Treiman-Yang angle distributions.
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FIG. 6. The laboratory momentum spectra of the final pro-
tons. The curves have the same meaning as in Fig. 3.

ment very well. Pion spectra are close to the phase space
distributions and are less representative.

Figures 8 and 9 show the Mo and M, effective mass
distributions. It looks like the distributions on Mo con-
sist of two parts: one is the phase space distribution,
while the other has the form of a peak with a width
~100 MeV/c?. At higher beam energies the peak loca-
tion corresponds to the A3z mass. For lower energies, the
peak is shifted asymmetrically to the left because of the
phase space limitations. The origin of these two contri-
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FIG. 7. The laboratory momentum spectra of 7° mesons.

The curves have the same meaning as in Fig. 3.
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FIG. 8. pr® effective mass spectra. The curves have the
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butions is quite clear in the frame of the OPE model if
one keeps in mind that the w IV scattering comes from the
P33 wave only. When the Mo is calculated for the spec-
tator proton (e.g., g2 in diagram A, Fig. 1) one has the
phase space distribution. When the proton comes from
the 7 N-scattering block the resulting Mp,o distribution
corresponds to the Aj3 isobar peak. Of course, for low en-
ergies the isobar production with a mass ~1230 MeV /c?
is suppressed, but it works effectively down to ~600 MeV
due to the isobar width. As can be seen from Figs. 8 and
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FIG. 9. Effective mass spectra of final protons. The curves
have the same meaning as in Fig. 3.
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FIG. 10. Momentum spectra (c.m.s.) of 7° mesons. The
meaning of the curves is the same as in Fig. 3.

9, OPE calculations are in qualitative agreement with the
experiment at all energies studied. The same situation
holds for c.m.s. momentum spectra of pion and protons
(Figs. 10 and 11), because these are completely deter-
mined by the effective mass distributions.

The angular distributions of pion and protons are given
in Figs. 12 and 13. Due to the identity of the initial and
final nucleons, the distributions must be symmetrical, so
the backward and forward hemispheres were summed up.
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FIG. 11. Momentum spectra (c.m.s.) of final protons. The
meaning of the curves is the same as in Fig. 3.
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FIG. 12. Proton angular distributions (c.m.s.). The mean-
ing of the curves is the same as in Fig. 3.

OPE calculations are in rather good agreement with the
experimental data with the exception of the small proton
scattering angles. A possible explanation of this discrep-
ancy is the presence of the only P33 wave in the wN-
scattering amplitude. It is clear that the small admix-
ture of other waves interfering with the main one should
manifest itself mainly in the angular distributions.
Since c.m.s. angular distributions of pions should be
symmetrical, we tried to fit them by the formula

d k
Eg*— = %(1/3+bcosz9:o). (6)
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FIG. 13. 7°-meson angular distributions (c.m.s.). The
meaning of the curves is the same as in Fig. 3.

The results of such a fit are given in Table II and in
Fig. 14 together with the data from other experiments.
One should say that the distributions are far from being
isotropic: b ~0.2-0.3 even for low energies. This con-
tradicts the data of [8,9] in the energy region 600-700
MeV. From Table II(a) one can see that the x? value is
rather large for low energies. If one includes the addi-
tional term ccos® 8%, the description becomes better [Ta-
ble II(b)]. This fact might be an indication that pion an-
gular distributions contain powers of cos 8} higher than
2 with considerable contribution. This problem is im-
portant [16], being connected with known attempts to
estimate the contribution of the isoscalar channel to the
inelastic VN interaction. If this contribution is zero,
the angular distributions of charged pions in np — ppm™
(nnmt) reactions should be simular to those of 7° mesons
in the pp — ppm® reaction. The presence of terms linear
in cos ;. in angular distribution of np reactions might
be considered as an indication of the isoscalar contribu-
tion. It is clear that to catch a small contribution of the
isoscalar channel one needs to know well enough a form of
the isovector contribution, for which the pp — ppm°® reac-
tion presents better opportunity. Our statistics, however,
is not large enough to obtain reliable values for coeffi-
cients at cos? 0% and cos* 6% simultaneously. One should
note that the approximation with b = 0, ¢ # 0 [Table
II(c)] gives a better description at low energies than that
with b # 0, ¢ = 0.

The opening angle distributions for protons are given
in Fig. 15. The OPE predictions for cos 6, do not differ
much from the phase space distributions.

Figure 16 shows the distributions in cos6}, . As in
the case of cos@? , the OPE model predictions are in
agreement with the experiment at all energies.

Thus we can say that the OPE model with only the P33
wave in the 7N amplitude describes the experiment well
(with the exception, may be, for Treiman-Yang angle dis-
tributions). The importance of the P33 wave is confirmed
also by the Mo, spectra. An additional evidence for the
P33-wave contribution might be obtained by the study
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Bs

e 04 05 07 08 09
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FIG. 14. The values of the parameter b from the fit of the
angular distributions (c.m.s.) of the #° mesons according to
the form dd(;’. =(3+0b cos?82,). The curve shows the result
of the OPE model calculation. The data are from e - this

work, o - [8], V - [9], A - [10], O - [16].
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TABLE II. The results of the 7°-meson c.m.s. angular distribution fitting.

P (MeV)/c 1217 1279 1341 1389 1437 1485 1536
(a) do/d2%o = X +bcos 00)
b 0.36+0.07 0.19+0.05 0.41+0. 06 0 21+ 0.04 0.42+0.06 0.23+0.04 0.23+0.04
xz/NDF 1.22 1.33 0.67 1.50 0.72 0.89 0.83
(b) do/do = (& + 2 cos® 00 + £ cos®6},)
b —0.04+0.15 —0.11+0.12 0.12+0.13 —0 2710. 09 0.27+0.14 0.10+0.11 —0.09+0.09
c 0.27+0.10 0.22+0.08 0.21+0.08 0.34+0.06 0.11+0.09 0.09+0.08 0.22+0.06
xz/NDF 1.12 1.24 0.53 0.88 0.77 0.88 0.53
(c) do/dQo = £ (L + ccos* 0}0)
c 0.254+0.04 0.14+0.03 0.27+0.03 0.17+0.03 0.27+0.03 0.16+0.03 0.16+0.02
x%/Npr 1.06 1.22 0.53 1.05 0.83 0.87 0.53
of the 7° angular distribution in the 7°p rest frame: it  onances. Our effective mass spectra M, (Fig. 9) do

should have the form ~ (1 + 3cos®?@). The experimen-
tal distributions are shown in Fig. 17 for all pion-proton
combinations. One can see that these distributions do
not behave as expected. The deviation is caused by the
mixing of final protons, that is confirmed by the agree-
ment between the experiment and the OPE calculations.
We tried to select the events for which one diagram, for
example A (Fig. 1), gives the dominating contribution.
Figure 18 shows the angular distribution for events which
have A? in the X region (see Fig. 2), while other invari-
ant momentum transfers lie in the Y region. One can see
that such a selection results in the expected quadratic dis-
tribution, though not exactly 143 cos? « (one has 1.5-2.5
instead of 3).

Observations of narrow resonance peaks in the Mp,
spectra in the reaction np — ppm~ were reported in [18],
which were considered as candidates to the dibaryon res-
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FIG. 15. Center-of-mass opening angle distributions for
two protons. The meaning of the curves is the same as in
Fig. 3.

not reveal any reliable evidences of such peaks. If such
peculiarities would exist, they should be independent of
the initial energy. Figure 19 shows M, distributions for
the events with the cut in the momentum transfer from
the incident proton to 7° meson, the cut being similar to
that used in [18]. Again, one can observe the absence of
any energy-stable peculiarities. Thus, we fail to observe
any evidence for narrow dibaryon resonances in the pp
effective mass spectra in the single pion production.

V. TOTAL CROSS SECTIONS OF THE SINGLE
PION PRODUCTION AND THE CHOICE OF
THE FORM FACTOR

We tried to understand why the OPE model, which
reproduces the form of the differential distributions, fails
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FIG. 16. Center-of-mass opening angle distributions for
proton and m° meson. The meaning of the curves is as in
Fig. 3.
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opening angle) in the 7%p rest frame. The meaning of the
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to describe the total cross section values for the pp —
ppr® reaction (Table I). The existing experimental data
on the total cross sections are shown in Fig. 20 together
with the model predictions. The discrepancy between the
theory and experiment is obvious. One can obtain better
agreement by proper choice of the form factor, but such
a choice destroys the reasonable agreement with the total
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FIG. 18. Distributions of cosa with the cuts in the mo-
mentum transfers and the right choice of final particles. The
meaning of the curves is the same as in Figs. 3 and 17.
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FIG. 19. Effective mass spectra after selecting in 72. The

meaning of the curves is the same as in Fig. 3.

cross sections of the pp — pnn™ reaction (Fig. 21). One
may guess that the reason for such a situation is that the
wN amplitude is not good because only the P33 wave is
taken into account. The dotted curves in Figs. 20 and
21 are the results obtained with the Deck model [6] in
which the 7V vertex includes all the waves, obtained in
the phase-shift analysis [19]. One can see that this does
not change the situation significantly. One should keep in
mind, however, that with the exception of the P33 wave
there is no good receipt for the off-shell correction [20],
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FIG. 20. Cross section of the pp — ppn® reaction. The
solid curve is the OPE model calculation with the P33 wave
only. The dashed curve—the choice of the form factor to
obtain the best fit for the pp — ppn® reaction. The dotted
curve—Deck model calculations [6]. The data are from e -
this work, O - [8], V - [10], o - [11], o - [13], A - [23], x - [24].
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[25], V - [26], * - [27].

the correction being very important, as can be seen for
the Ps3 wave [21]. So the question remains open.

VI. CONCLUSIONS

A detailed study of differential cross sections of the
pp — ppm® reaction has been performed in the incident
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energy range 600-900 MeV. The shape of the distribu-
tions is described by the OPE model quite well, in spite
of the fact that only the P33 wave is used in the 7N
scattering amplitude. The fact that Treiman-Yang angle
distributions do not agree well with OPE calculations,
may be an indication of some other mechanism contribu-
tion to the single pion production. This mechanism does
not manifest itself, however, in other differential distribu-
tions. On the other hand, the OPE model fails to predict
the correct total cross sections, and it cannot be helped
by the simple choice of the form factor.

The study of the effective mass spectra gives no evi-
dences for the existence of narrow dibaryon resonances.
We can conclude then that if such a six-quark system
exists, it represents, most probably, a small admixture
in the nuclear matter, because the only candidates to
dibaryon resonances were observed in nuclei [22].
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