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Study of the po Meson Fosssied in ~-+p ~ ~—+~++n between
1.38 and 3.00 GeV/c*f

C. G. HOWARD'. AND C. N. VrTTITOEI

Physics Department, Ohio University, Athens, Ohio

(Received 30 January 1967)

The final state of ~ +p —+ m +m++n has been studied from data at laboratory pion momenta of 1.38,
1.71, 2.75, and 3.00 GeV/c. The p' resonance dominates the Gnal state throughout the region. The pa pro-
duction and decay angular distributions are compared with Gottfried and Jackson s one-pion-exchange
model including absorption eRects. The data are in better agreement with the model at the higher momenta,
as expected. The sx effective-mass distribution with A'(4p' and Icoss„I (0.3 for the combined data
peaks near 730 MeV with 255 events in the plot. The eRective-mass distribution without kinematic re-
strictions gives a p' peak at 765 MeV with 6744 events.
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INTRODUCTION the final nucleon is greater than 10''. The rest mass of a
charged pion is represented by p. The square of the four-

ION-PROTON interaction data consisting of the
incoming pion kinetic energy and the four-momen-

tum for each of the final-state particles were obtained
I50 Ie38 G e /c

from Salant et ul. ' and Selove et al.' at the following 77 +pal +7l +fl

momenta: 1.38 GeV/c, 1.71 GeV/c, and 2.i 5 and 3.00
GeV/c combined. The data were placed on magnetic r
tape and analyzed with the Ohio University IBM 360
Model 40 computer.

The production and decay of the p0 is compared to
the one-pion-exchange model modified by absorption
effects. The model is in better agreement with experi-
mental results as the momentum increases. The data
come from an experiment at 3.00 GeV/c at the Uni-
versity of Pennsylvania, ' an experiment at 2.75 GeV/c
by the Saclay-Orsay-Bari-Bologna collaboration, ' and
two experiments at 1.38 and 1.71 GeV/c at Brookhaven
National Laboratory. '
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The appearance of the p is indicated in Figs. 1(a)-1(c)
at 1.38 GeV/c, 1.71 GeV/c, and the combined momenta
of 2.75 and 3.00 GeV/c. The dashed curves of Figs. 1(a)—
1(c) present the dipion effective-mass histograms with
all events removed in which the square of the four-
momentum transfer between the incident nucleon and
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I I I I The cross sections of Figs. 4(b) and 4(c) were not
continued beyond LP/p'=20 because of the large per-
centage of background events above this value. It was
thus assumed that the proportion of p events for
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Fxo. 2. Effective pion-nucleon mass distributions at
1.38 GeV/c. (a) M +; (b) M„-.

momentum transfer LV is given by

a'= (P.—P.)'—(~.—&.)' (1)

where (P~,E„)and (P„,E„)are the four-momenta of the
final nucleon and incident proton, respectively. The p
resonance is very prominent at low 2' for all sets of data,
in agreement with peripheral production.

Figures 2(a) and 2(b) show the eRective-mass dis-
tributions of ns+ and Nw, respectively, at 1.38 GeV/c;
the (3,3) isobar is clearly seen in Fig. 2(b). This isobar
production could not proceed through p exchange be-
cause a doubly charged exchange meson would be re-
quired to form the isobar in the negative charge state.
Isobar production was not prominent at 1.71 GeV/c
and the combined momenta of 2.75 and 3.00 GeV/c. To
remove the isobar interference with the p, only low h2

events were analyzed (LV&10p').
The peripherality of p production is clearly illus-

trated in the Chew-Low plots (Figs. 3(a)-3(c)j.There
is a strong clustering of events at low 6'/p' values in

the p region, M, '/p'~30.
Figures 4(a)—4(c) are 6'/ps distributions for

700(M„,&800 MeV at each momentum. Figs. 4(b)
and 4(c) indicate the agreement of the one-pion-

exchange model including absorption (OPEA) of Gott-
fried and Jackson' with the experimental differential
cross sections at 1.71 GeV/c and the combined data at
2.75 and 3.00 GeV/c. The theoretical curve was omitted
from Fig. 4(a) since the model was designed to describe
interactions at high momentum, and the 1.38-GeV/c
data stretch the limit of validity of approximations in

the model.
~ K. Gottfried and J. D. Jackson, Nuovo Ciinento 34, B5

(1964).
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6'/lt') 20 decreased at the same rate as the theoretical
cross sections in order. to obtain a total experimental
cross section for LV/g'&20. The total experimental
cross section for p production at 1.71 GeV/c was 2.48
rnb, and at the combined momenta of 2.75 and 3.00
GeV/c the cross section was 1.48 mb. ' The theoret. ical
cross sections are 2.83 and 1.4 mb, respectively. '

DECAY ANGULAR DISTRIBUTIONS
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The axes and angles in the dipion rest system used in
the following analysis are those utilized by Jackson for
OPEA. s 8 is the angle between the incident pion and
the negative decay pion in the dipion rest system, and
the azimuthal angle @ is equivalent to the Treiman-
Yang angle.

Figures 5(a)—5(c) show cos8 plotted against @ for
the four sets of data with 7004M &820 MeV and
6'/p'&10. On the basis of one-pion exchange, the
Treiman-Yang angle should be isotropic. ' These figures
are obviously not in agreement with isotropy in @. An
asymmetry in cose is also very evident in these same
figures. The distribution in cose should be symmetric
for the decay of a pure resonance with definite quantum
numbers as is true for the decay of p ."

As a convenient convention for discussion, each
graph of Fig. 5 is divided into four sections numbered
1—4 starting in the upper-right quarter and counting in
a counter-clockwise direction to the lower-right
quarter. At 1.38 GeV/c, Fig. 5(a), the fourth quarter
has the least number of events and the second quarter
has the largest number. The first quarter has slightly
more events than the third quarter. The same pattern
is repeated at 1.71 GeV/c [Fig. 5(b)$; whereas, for ps

decay of the higher momenta LFig. 5(c)) the third
quarter has the least number of events.

The angular distribution of p decay from the absorp-
tion model gives a definite prediction for the relation
between 8, and p:
W(8,$)= (3/4s. )Lps, s cos'8,

+s (1—ps, s) sin'8, —pt, t sin'8, cos2p
—V2 Rept, s sin28 cosgj, (2)

6 In order to obtain the experimental cross section for p produc-
tion of 2.48 mb at 1.71 GeV/c and 1.48 mb at 2.75-3.00 GeV/c,
several approximations were required. At the lower momentum,
Bacon et al. (Ref. 1) give 4.71~0.24 mb for 2r+S~ p +S.This
was for combined reactions vr +p ~ m++~ +e and 2r++e ~ g+
+~ +p. The eStimate fOr 2r +p ~ p +n WaS Obtained by aS-
suming that the ratio of the cross sections for p' production in the
two interactions was the same as the ratio of the total cross sec-
tions given also by Bacon et aI. (Ref. 1). The experimental cross
section for 2r +p ~ po+e for the 2.75—3.00-GeV jc data combined
was obtained by assuming the ratio of p' production to total cross
section was the same as for the 2.75-GeV/c data alone. Both of
these cross sections were reported at 2.75 GeV by Ref. 4. The com-
bined data of Hagopian et al. (Ref. 2) gave the total cross section.

7 J. D. Jackson, J. T. Donahue, K. Gottfried, R. Keyser, and
B.E. V. Svensson, Phys. Rev. 139, B428 (1965).

J. D. Jackson, Rev. Mod. Phys. 37, 484 (1965).
9 S. B. Treiman and C. N. Yang, Phys. Rev. Letters 8, 140

(1962).
C. G. Howard, Ph.D. thesis, Ohio University, 1966 (un-

published).
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The decay distribution of p is in good agreement with
Eq. (2) at 2.75 and 3.00 GeV/c. ' 'a Figure 5(c) shows
that p' decay is in disagreement with OPEA at the same
momentum, with the first quarter having more events
than the fourth quarter; however, Fig. 5(c) does give
the predicted anisotropy in tt. At the lower momenta
[Figs. 5(a) and 5(b)j the data no longer agree with
OPEA in the anisotropic distribution of P. Many more
events occur in the third quarters than in the fourth
quarters.

The possibility of dipion decay of co affecting the p
decay distribution at 2.75 and 3.00 GeV/c was investi-
gated by Hagopian et al. and found to have a negligible
effect. ' The data at 1.71 and 1.38 GeV/c were divided
into the two mass regions 700&%„.&760 MeV and
760(M „&820 MeV in order to examine the possible
effects of cc' —& a++a. in the plots of cose„versus It.
Since cv' is a narrow resonance with a mass of 780
MeV, only the higher mass region should be aEected by
cca~ a.++7r . Table I shows the results of dividing the
p' peak into the two mass regions. The decay distribu-
tions are essentially the same for both regions at each
momentum, indicating that the disagreement with
OPEA is not due to dipion decay of oP.

The asymmetry in coso for p' decay at all momenta
is due to the large T=O, J=O phase shift in the p
region. Other phase shifts have been shown to be small
in this region. " Spark chamber experiments indicate a
T=0, S-wave enhancement at about 700 MeV decaying
into two neutral pions. ""Convicting results are seen
in bubble chamber experiments where kinematic cuts of
LV(4p' and ~cose „~ (0.3 have been applied to the
dipion effective mass from the reaction a-+p~a
+7r++n. Some experiments show a peak at 730

where all spin-density matrix elements (p .) are non-
zero. s For LP/p'&10, the magnitude of V2 Repq, is
greater than pr ~, and the last term of Eq. (2)should
dominate the asymmetric part of the angular distribu-
tion. ' Since Rept, o is negative in this dP/p' region and
p&, z is positive, the decay distribution should be a
maximum for 8 =45', &=0', and 0 = —45', P= 180'.
Thus, the second and fourth quarters of Fig. 5 shouM
be equally populated with more even ts than the 6rst and
third quarters (also equally populated).

"L. D. Jacobs and W. Selove, Phys. Rev. Letters 16, 669
(1966); L. W. Jones, D. O. Caldwell, B. Zacharov, D. Hartirlg,
E. Bleuler, W. C. Middelkoop, and B. Elsner, Phys. Letters 21,
590 (1966); L. J. Gutay, P. B. Johnson, F. J. LoefBer, R. L.
McIlwain, D. H. Miller, R. B.Willmann, and P. L. Csonka, Phys.
Rev. Letters 18, 142 (1967).

"M. I"eldman, W. Fra, ti, J. Halpern, A. Kanofsky, M. Nuss-
baum, S. Richert, P. Vamin, A. Choudry, S. Devons, and J. Grun-
haus, Phys. I&ev. Letters 14, 869 (1965)."M. Wahlig, E. Shibata, D, Gordon, and D. Frisch, Phys. Rev.
147, 941 (1966). A histogram in this paper indicates an enhance-
ment at 700 MeV; however, the authors indicate that their spec-
trometer sensitivity is not sufBcient at that energy to claim the
peaking is a resonance.
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MeV' "while others do not.""The data of this ex-
periment were combined with those of another experi-
ment at 2.15 GeV/c, and a peak was evident. "Figure 6
shows the dipion eGective-mass distribution obtained
here with the 6' and cos8 restrictions. A peak exists
near 730 MeV, whereas the p peaks at 765 MeV for
the same data with no kinematic restrictions.

Because of the large number of factors which may
affect Fig. 6 (for example, the measuring, analysis, and
event-selection procedures may have varied in the four
experiments, interference between close resonances,
different bubble chambers and beam criteria), the
central-limit theorem suggests that a Gaussian distribu-
tion might be consistent with the data. '8 Approximating
phase space with a uniform background and excluding
histogram bins with less than six events as having too
few events for analysis, Eq. (3) was found consistent
with Fig. 6 at better than the 55% level (X'= 7.8 with
9 degrees of freedom), using the X' test.

dX/dM, =38.4 expL —(M —730)'/2o'$+11. 7, (3)

where 0=80 MeV. Similar equations of single-level
Breit-Wigner form or Gaussian distributions centered
at the p peak of 763 MeV were inconsistent with the
data, being outside the 1% level using the &' test.

'4 V. Hagopian and Y. L. Pan, Bul.l. Am. Phys. Soc. 11, 325
(1966).

"L. Jacobs, University of California Radiation Laboratory
Report No. UCRL-16877, 1966 (unpublished).

'6 D. H. Miller, L. Gutay, P. B. Johnson, F. J. LoefBer, R. L.
McIlwain, R. J. Sprafka, and R. B. Willmann, Phys. Rev. 153,
1423 {1967}."W. Selove, in Proceedings of the Thirteenth International Con-

ference on Iligh Energy Physi-cs, Berheley, California, 1966 (Uni-
versity of California Press, Berkeley, California, 1967}.

'8 H. Freeman, Introduction to Statistical Inference (Addison-
Wesley Publishing Company, Inc. , Reading, Massachusetts, 1963},
pp. 181, 182.

60-

O

~
40

P

o
g 20-
E

~/n ~4

1.38 GeV/c
1.71 GeY/c
2.75 GeV/c
3.00 GeY/c
Combined

255 Events

fcas e, [(O.3 n +p~ n+ n'+n

280

s

430 580 730

IN
~-7,+ IheV)

880 1030

Fso. 6. M -r+ with dP/ps&4 and )ense ((0.3
for all momenta combined.

Equation (4), a single-level Breit-Wigner form

dE r~
= 13.8 +10,

dM,„(M..—730)s+Z /2

with I'= 120 MeV, gives an even better 6t to the data of
Fig. 6 (&'=3.1 with 9 degrees of freedom) although jn
terpretation of the 730-MeV peaking as a single-level
resonance appears doubtful, because of the ubiquitous
p meson.
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