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of the more intense TRIUMF 7+ beam!?. This choice was justified by earlier experi-
mental resultsjtekn:lich that demonstrated that the pion induced pion production on
deuterium was consistent with a quasifree process on a single nucleon.

The positive and negative outgoing particles were detected with an in-plane
coincidence apparatus which also provided information concerning the particle ener-
gies as well as their polar angles. Negative pions were identified by a quadrupole-
quadrupole-dipole (QQD) spectrometer'®, while positive pions were selected by the
total absorption range telescope CARUZ?®. The apparatus settings are listed in table
1. )

The four-fold differential cross sections:

dio
AT+ AT - dQ+ Q-

were extracted from the data, after correcting for the response of the detectors over
the allowed range of pion energies and angles and in part for pion decay as described
below. The finite size of the target was also taken into account.

The corrections for 7~ detection on the QQD side were straightforward. This
spectrometer is capable of rejecting electrons and muons so that an unambiguous 7~
spectrum could be obtained. When the coincidence events were binned to establish
cross sections, a weighting factor accounting for the fraction of the pions that decayed
while traversing the apparatus was applied on an event by event basis?. Similarly the
solid angle for each event was normalized to the nominal QQD solid angle (18 msr)
with an additional weighting factor rendering the spectrometer angular acceptance
independent of the pion momentum. These corrections have been used in a previous
experiment?®'. The lowest 7~ energy limit of the data used in the analysis presented
in this paper was 30 MeV. Above this energy the effects of multiple scattering and
of the finite target size were found to be negligible. Consequently no correction was
necessary for these effects.

Multiple scattering effects could also be neglected on the side of the CARUZ
detector, since the mean value of the multiple scattering angle was within the angular
resolution of the detector. Likewise the effects of hadronic interaction were found to
be negligible. On the other hand, the CARUZ could not discriminate between pions
and those muons resulting from pion decay between the production point and the
end point of the CARUZ. Only a fraction of these muons was detected and they were,
of course, recorded with a different angle and energy from those of the original pions.
The scintillator elements were too thick to give a range energy separation between
pions and muons. Consequently, this effect introduced a source of distortion in the
yield and shape of the four-fold differential cross section as a function of the kinetic
energy of the positive pions Aﬁ_# spectra). Another source of such distortion was the
finite size of the target, since both the detected energy of each pion and the detection
efficiency for pions produced with less energy than necessary to traverse the target
(12 MeV), depended on the location of the production point within the target. The
pion loss due to the finite size of the target was relevant on the CARUZ side, since
the low energy detection threshold of this instrument was 8 MeV for pions. Such a
low energy threshold was desired to cover regions of phase space close to the lower
kinematic limits of the reaction. Since this was a coincidence experiment the overall
normalization of the negative pion distributions was however corrected to take into
account the detection inefficiency of the CARUZ detector. This correction factor,

3

on average, enhanced the data by 25% and is included in the T,- and 0+ spectra
shown here (where 8 is the polar angle with respect to the beam direction) .

The ﬁ_,+ spectra presented in this paper are shown without corrections for pion
decay and energy distortion. Instead these effects were convoluted with the T ,
theoretical spectra when comparing theory to experiment. This was achieved ﬁ%
computer simulation of the experimental conditions using Monte Carlo techniques!.
Theoretical spectra describing the pion energy distribution at their production point
and constrained by the experimental energy and angular detection windows were
used as input to the program. The program, operating on an event by event basis,
selected randomly the pion production coordinate along the beam direction within
the physical dimensions of the target, while the two transverse coordinates were
selected according to a gaussian distribution in order to simulate the beam profile.
The pion decay probability was then calculated as a function of position along the
pion trajectory from its production point in the cylindrical deuterium target to the
CARUZ scintillators. If a Monte Carlo pion decayed along its trajectory, then the
energy and trajectory of the resultant muon were obtained from the 7 —s p# decay
energy and angular distributions. The software veto imposed by a signal from the
last scintillator of the CARUZ stack used during the data analysis to guarantee that
the particle stopped in the detector was also incorporated as a veto in the Monte
Carlo program. For each input spectrum the program generated an output spectrum
describing the measured kinetic energy of the particles detected by the CARUZ. This
spectrum is compared to the data in fig. 5,6 and 8. Note that the spectral distortion
due to the experimental conditions yields events outside the pure three body phase
space.

The inverse of the ratio between the yield of output spectrum of the program
and the input spectrum provided the multiplicative correction factor for the yields
of the T\ - and 0.+ spectra mentioned earlier. The shapes of these last two spectra
were found not to be significantly affected by the distortion of the shape of the T+
spectra, since negative pions from the same energy bin have the corresponding 7+’s
spread over a range of energy wide enough to allow for an average correction factor.
Likewise the positive pions in the same angular bin have a fairly uniform energy
distribution when averaged over all T,-.

3. Theoretical Model

The interpretation of the experimental results is based on an extended version of
the Oset and Vicente-Vacas Monte Carlo model? that describes the free pion induced
pion production process: 7”p — 7tz ~n. They describe the reaction mechanism with
Feynman diagrams involving nucleons, A’s and Ropers in the intermediate state.
Only that fraction of the N* (1/2,1/2) Roper resonance that decays into two pions
in a relative S state is included in their model. There are three parameters in their
model that are not well determined: the chiral symmetry breaking parameter, £,
which arises from the part of the model derived from the Weinberg Lagrangians,
the AwA coupling constant and the overall strength of the diagrams containing the
the N* — N(77),_uave vertex (fig. 2.d). This last parameter is a product of the
N* = N(77),-wave coupling constant, C, and the N*N coupling constant gy,
both uncertain by about 100%. In the present model we fixed £ to be zero, which is
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distribution obtained with sample parameter sets to the experimental spectra. As an
overall feature the curves associated with the values of f, equal to or smaller than 1.0
agree with the data well, while the curves associated with the value fa=2.0 overesti-
mate the data in almost all the spectra. A quantitative comparison was performed by
calculating the reduced x? averaged over the \Haf ma+ and ﬁwu distributions. The
results are summarized in fig. 10 which shows the reduced x? values as a function
of the different values of the coupling constants. The curves indicate that a clear
minimum value of the x? distribution cannot be found for any particular value of the
coupling constants, but with this model we can definitely rule out fa values larger
than 1.0 for any value of gy«a,. The smallest value of gn+ar seems to be favoured
except for fa values very close to zero, where there are no preferred gN*ax values.

5.8. Comparison to Other Data

Since there is no strongly preferred set of coupling constants we could not
rigorously determine the coupling constant values. We could still achieve a model
dependent estimate of the total cross section from our experimental data by calcu-
lating its value for a number of sets of parameters that provided agreement between
the model differential cross sections and our data. Using these parameters we then
calculated the total cross section for the quasifree process (rd = *xNN) at T, =
256 MeV and for the free process (1~p — n*7~n) at T, = 280 MeV. The quasifree
calculation at T, = 256 MeV agreed with the measurement of Lichtenstadt et al.!® in
all cases, while the calculation for the free process at T, = 280 MeV underestimated
the experimental value by more than two standard deviations even with those values
of the coupling constants that provided the highest cross section value (see table 3).

6. Discussion

There are some important observations arising from the comparisons described
in the previous paragraph. The model fits the experimental total cross sections up to
about T,=250 MeV but underestimates it by about 15% at T, =280 MeV. The model
does however reproduce differential cross section data at T,=280 MeV. Therefore the
model may lack mechanisms that contribute to the total cross section at higher energy
in a region of phase space not covered by our experiment. Possible contributions of
this type could arise from heavier N* isobars in the intermediate state.

Since the various diagrams in the theory contribute differently to the cross sec-
tion in different isospin channels, a further test of the model could be provided by a
more comprehensive experiment that would measure pion induced pion production in
a variety of charge states. Such an extended experiment would also facilitate deter-
mination of the coupling constants, since different isospin channels provide different
constraints. For example a larger fa value decreases the 7n*p — w¥ntn cross section,
while it increases the 7~p — n¥7~n cross section.

A similar comparison between experiment and theory was performed by Ortner
et al.3!| where a somewhat different model was employed'. They do not account
for the € induced contribution®? and treat the off-shell pion in the pion-pole term
differently. In a preliminary analysis they concluded that their model underestimates
the in-plane reaction cross section in contradistinction with our results. However,

since the two theoretical models are different, the two conclusions are not necessarily
contradictory.

7. Conclusion

We extended the existing? model to pion production on deuterium in the en-
ergy range of interest by incorporating additional diagrams and allowing for Fermi
motion of the contributing nucleon. We demonstrated that the model reproduces the
differential data at T, = 280 MeV and the total cross section measurements up to
about 250 MeV.

Within the framework of the model we determined the C parameter for the
N*— N(77),-wsve to be approximately -2.1 m;! with £ fixed to 0.0 and gy«y, to
0.02. We demonstrated a preference of the ArA coupling constant to be less than
1.0 in agreement with the analysis of Arndt et al.'®. We did not detect significant
sensitivity of the cross section to the N*An coupling constant in agreement with
Ortner et al.3!. However our data show a preference for the lower values within the
estimated range.

These results contribute to the understanding of the overall mechanism of the
free pion induced pion production reaction, even though we realize that they are not
adequate to decouple the N*Nx and C coupling constants nor to provide signifi-
cantly improved limits on the coupling constants, gy«a, and fa. A modification of
the term describing the m — 7 scattering amplitude in the model to include the pion
rescattering should also be explored!?. A more accurate description of this amplitude
would certainly lead to a more precise and meaningful determination of the coupling
constants, in particular C, since there is a strong correlation between the diagrams
containing C and the pion pole term. We believe that a more stringent test of the
model and consequently a more accurate determination of such parameters would
result from comparing the theoretical distributions to a more extensive set of precise
differential cross section measurements of the free process where there is no broad-
ening of the angular and energy ranges due to Fermi motion. A natural candidate
for further investigation is the reaction 7*p — n+z*n. Due to isospin conservation
constraints there are fewer intermediate states permitted in this reaction than in the
7~p — w77 n case. It may thus be easier to isolate the contributions of each reaction
mechanism. We are currently studying how the fa coupling constant and the pion
scattering length can be extracted from the measurement of the cross section of this
reaction. Since the cross section for this process is about one order of magnitude
smaller than that of 7~p — n~n+*n the energy and geometrical settings would have
to be carefully planned in order to guarantee the maximum information from the
data.

More extensive measurements of the in- and out- of the reaction plane cross
section are needed for a more complete test of the model. A larger set of data

would also allow a simultaneous parameter variation, making their determination
more significant.
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6qen(°) | Taop(MeV) | Ocaruz(°)
80 50 -50
80 -50
50 -100
80 -100
50 50 -60
80 -50
50 -100
80 -100
T,(MeV) | Ao(C = -1.52 — ~3.04) | Ao(gnear=1.08— 1.52) | Ao(fa=5— 1.)
gn+ax = 1.5 m]! C=-20m;! C=-20m;!
fa =1 fa=1 gn+axr = 1.5 m]?
203 120 % not detectable not detectable
230 100 % not detectable not detectable
255 100 % 1% not detectable
280 100 % 5% 4%
(¢ gneax | fa Otrymronev Otr,mzsomev | Oiryazsomev
(mz") [ (m7) | (m7?) | (ub) (ub) (ub)
quasifree calc. | free calc. | quasifree calc.
-2.08 | 1.08 0.0 316 £ 4 319 + 4 156 + 2
-2.08 |1.08 0.5 317 + 4 319 + 4 160 + 3
-2.08 |1.53 |0.8 340 £+ 4 336 + 4 172+ 3
exp. value | exp. value
384 + 16% | 160 + 10'8
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