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The reaction s. p ~ w ~op produced by 2.77-GeV/c pions has been studied for low squared four-momen-
tum transfers to the proton (A~ ~& 13p'). A selection based on a fast premeasurement method has allowed the
accumulation of high statistics (7666 events) and a detailed study of the p properties. In particular, the
p mass and width are determined as a function of d', showing essentially no variation of these parameters in
the whole 6' range. On the other hand, the mass and width values deduced from the mass spectra (co,
=773+2 MeV, I'„=150+5 MeV) differ from the corresponding values for the resonant P wave (co,
=755&5 MeV, j. „=110+9MeV) obtained by extrapolation to the pion pole, following the Chew-Low
method. Essential results on the 71- 2I. elastic cross section are summarized. The sensitivity of the determina-
tion of the p production and decay parameters to various mass and 6' cuts is shown.

I. INTRODUCTION

'ANY experiments have been carried out during
- ~ recent years in order to study xm scattering with

the one-pion-exchange (OPE) model' by means of the
two reactions

vr-p -+ 7r-s-op,

p
+ n.

However, despite the large number of events measured,
the final statistics have never allowed the rigorous use
of the OPE, i.e., the extrapolation of the experimental
data at the pole of the transition matrix element.
Instead, corrective form factors have been introduced
into the OPE modeP or strong modifications have been
made to it by including absorption effects (OPEA
model). '

To perform the extrapolation suggested by Chew
and Low, ' we have undertaken a new experiment
s. p~m vr'p with the purpose of reaching statistics
larger by an order of magnitude than those obtained in
previous experiments.

140 000 pictures have been taken with the 2-m CERN
hydrogen bubble chamber exposed to a (2.77&0.010)-
GeV/c s beam. The results on the extrapolated values
of the mw scattering parameters have been published
previously. ' In this paper we shall analyze the experi-
mental aspects of this work, in particular the diferent
problems raised by the large number of data, and discuss
other results on the p properties in the physical region.

II. SELECTION OP EVENTS

In order to reduce the number of measurements, we
have limited the study of reaction (1) to dP values less
than 13ps (6' is the squared four-momentum transfer,
and p the charged pion mass), i.e., to proton momenta
less than 520 MeV/c in the laboratory. On the other

' G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 (1959).
~ F. Selleri, Phys. Letters 3, 76 (1962).
3K. Gottfried and J. D. Jackson, Nuovo Cimento 34, 735

(1964);J. D. Jackson, Rev. Mod. Phys. 37, 484 (1965).
4 J. P. Baton, G. Laurens, and J. Reignier, Nucl. Phys. 83, 349

(1967); Phys. Letters 258, 419 (1967).

hand, during the scanning we have separated reaction
(1) from reaction (2) and above all from the elastic
scattering,

w p~wp (3)

~ J. P. Baton, Commissariat h, l'Energie Atomique Report Ko.
R-3291 (unpublished).

6B. Deler, Commissariat h l'Energie Atomique Report No.
R-2/17 (unpublished).
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whose cross section is six times larger than that of re-
action (1) for 6'~&13ps. The following procedure was
used:

(a) Only the two-prong events with a heavily ion-
izing positive track were retained. This eliminates most
of the events of reaction (2).

(b) For the selected events, the curvature of the
positive track (or its length if the track stopped in the
chamber) and also its angle with the incident track
were measured on the scanning table. Kith this infor-
mation a geometrical reconstruction program, zLIM,
classified the events as belonging to reaction (1) or (3).
This premeasurement method had already been used
in a previous experiment. 5

In this way, among the 181000 two-prong events
scanned, 73790 have been premeasured. zLDr has
classified 38 620 events belonging to reaction (3), and
7030 to reaction (1) but with the momentum of the
positive track greater than 560 MeV/c.

Finally, 28 100 events representing only 16% of the
two-prong interactions were carefully measured, with
four measuring machines on line to a mz 510 com-
puter. ' Figure I shows the results of the premeasure-
ment; its eSciency and usefulness appear clearly.

After full measurement, the events have been com-
puted with the THRzsH and GzrND programs. After
checking the ionization, 9860 events have been identi-
fied as belonging to reaction (1).For a final selection,
an event was constrained to have

(a) the momentum of its positive track less than
520 MeV/c (lV ~& 13''),

(b) a squared missing mass between —3ps and 5ps,

(c) a Xs value less than 6.
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FIG. 1. Distribution of the un-
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7666 events fulfilIing these three conditions constitute
our 6nal sample. Figure 2 shows the squared missing-
mass distribution of these events.

It should be noticed that, because of the selection
method based on a premeasurement on the scanning
table, some events with a dipion mass less than 450
MeV have been lost. In fact, we have classi6ed as
elastic the events for which the square of the mass
associated with the proton is less than 6p' (Fig. 1);as a
consequence, a small number of events belonging to
reaction (1) with a low dipion mass have been classi-

6ed arbitrarily as elastic events. Measurements per-
formed on a sample of events located in the ambiguous
region have allowed an estimate of this loss )hatched
events on Fig. 4(a)j.

III. DETERMINATION OF PRODUCTION
CROSS SECTION

For a correct evaluation of the mw elastic scattering
cross section, one needs a precise knowledge of the
production cross section of reaction (1). In order to
obtain this value, we have measured in a sample of
6lms about 4000 already premeasured elastic events.
Then, assuming that in the diRraction peak region the
elastic differential cross section may be represented by
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.FIG. 2. Distribution of the squared missing mass
for reaction (1) (in units of p').

FIG. 3. Distribution of the elastic diBerential cross section; the
straight line represents~a least-squares Gt to the data.
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where (do/dd, ')al s, the differential cross section at 0',
is given by the optical theorem, one obtains~

(do/dry)gl p= 55.25&0.01 mb/(GeV'/c')

This value is indeed very close to the one obtained
by extrapolating down to iV=0 the value of do'/dAs. s s

The coefEcient A, given by the slope of the distribution
ln (dE/dLP) (Fig. 3), is determined from a sample 1Vt of
elastic events for which 0.05 (GeV/c)'~& b,'&~0.14
(GeV/c)'. One finds

2 =7.8+0.25 (GeV/c) '

and Eq. (4) becomes

The error takes into account the statistical error
as well as the error in the determination of A and
(do/dA')el s.

I7. MASS SPECTRA

A. y Mass and Width

The large number of events has allowed a precise
study of the p mass and width as a function of LV.

Figures 4(a)-4(f) show the dipion mass spectra for dif-
ferent h2 intervals.

To estimate the p
—mass and width, we have made

a least-squares 6t to the effective-mass spectra of the
function

do/did = (55 25&0 01)Xe &r.sw. ss&as ~= f. (»()+(1- )f..(-».(),
By integration between the two limits of &s, one obtains where f&w(a&) is a Breit-Wigner curve, "represented by

1

s'-o.os

(55 25~0 01)e-(r.sw. ss)as
(o,'J"(ce)

svr& =
((g 2 (gs)2+(g 2ps((g)

=2.42~0.06 mb.

To this number Xr of elastic events corresponded a
known number Are of events of reaction (1).Then, for
lV~& 13p',

y o alp 2/+1) (2 42+0 06) (+2/+t)
= f.15~0.07 mb.

( ~s 4~2 s/s ~
1'(~)=1'.

I

4o,'—4ps

X;(~)=
~m~&(~)

~
—Bsh~dg2

I', and co„are the p
—width and mass; fbs(a&) is the non-

resonant background; n is the percentage of p pro-
duced; Xt(~) and Xs(&v) are corrective terms of the form

~ A. Citron, W. Ga1braith, T. F. Kycia, B. A. Leontic, R. M.
Phillips, and A. Rousset, Phys. Rev. Letters 13, 204 (1964),

8M L perl L W. Jones andc C Ting, phys Rev 132, 1232 taking mto account the kinematical limit of the
(1963).

L. D. Jacobs, thesis, University of Ca1ifornia, Berkeley, 19$$
(unpublished). ~s J. D. Jackson, Kuovo Cimento 34, 1644 (1964).
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Cheer-Low plot, and the exponential dependence
of the dipion production angular distribution, inside
the p for X», outside the p for X~, vrhich is of the
form (En/(EZP=E exp( —B;A'). At our energy, Bq——8.2
(GeV/c) ', Be=4.5 (GeV/c) 'I'. (See Sec. VI below for
the determination of Bq and Bq.) The values obtained
for ~„and F„are summarized in Table I.

One notices that the introduction of the corrective
factors Xr((d) and Xs((c) has the following effects

(a) to give for the lower interval in A', a p mass
value comparable to those of the other intervals; this
is not the case vrhen these corrective factors are neg-
lected" (Table I, second part);

Without X& correction
Number Mass Width

of
62/'pm events (MeV) (Mev} p

With ) s correction
Mass Width

P P
(MeV} (MeV} P

0- 2 1112
0- 4 2888
0- 6 4440
0- 9 6139
0-13 7666
2- 4 1776
4- 6 1552
6- 9 1699
9-13 1527

748 +3
762 +3
766 &3
766+2
767 +2
770 &2
773 &2
767 &3
764 +4

100~ 5 )99
114+. 8 90+4
127& 6 92%5
127 % 8 87 +4
146+12 85 +3
120% 5 94+3
123& 8 88+3
126m 8 71a3
140~12 50+2

772 a3
775 &2
776+2
774 &2
773&1
776 &3
778 &3
772 &3
770+4

154+7 &99
159+6 96&3
159+5 91&4
155+5 85 ~4
150+5 77 &6
156+5 94 ~3
157+6 85 %3
154R6 70 K2
148&7 49 %3

TmLE I.p mass, v idtb, and relative production cross section for
different 6' cuts; for the definition of iw„see text (IV A).
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"M. Roos, Nucl. Phys. 82, 615 (1967).
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spectrum outside the p region (M,—,s &660 MeV M — &860sr sr 2

"V. Hagopian, %. Selove, J. Alitti, J. P. Baton, and M.
Neveu-Rene, Phys. Rev. 145, 1128 (1966).

"D. H. Miller, L. Gutay, P. B. Johnson, F. J. LoeSier, R. L.
McIlwain, R. J. Sprafka, and R. B. Willmann, Phys. Rev. 153~ ~ - y ~
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755~5 MeU with a width of 110~9 MeV. ' This
difference in the mass value shows clearly that one
should not strictly deduce the p mass and width from
the mass spectra, but that these are only an indication
of the parameters of the resonance. Moreover, it should
be noticed that the mass and the width of the p meson
depend on the Breit-Wigner formula chosen. "

B. Isobar Production

As one can see on Fig. 4, reaction (1) is strongly
dominated by the p production for 6'~& 13''. This may
be observed on the diferent Dalitz diagrams LFigs.
5(a)—5(d)$, where 3I(p7r )'/p' is plotted versus the
M(ps')'/p'. In addition, on Fig. 5(c), an accumulation
of events appears in the X*+(1236) isobar region.

g g (mbI

The different Sx mass projections are shown on
Figs. 6(a)-6(c) and 7(a)—'7(c). The curves 6tted on
these distributions are obtained by taking into account
the xE phase space and the reQection of the p pro-
duction. 's There is evidence for some E~+(1236) isobar
production at the higher values of LV LFig. 6(c)), Its
production rate is estimated to be about 4% of the
total of reaction (1) for LV&~13ps, while that of the p
is of the order of 77%. The absence of p in the
E*+(1236) mass region (Fig. 8) indicates that there is
no reflection of the X*(1236) on the p and that the
two channels

s p —+ pp and s. p —&s. )V*+(1236)

are perfectly separated.

150

C,L i 'e form factorpj

FIG. 9. (m. 7I-) elastic cross sec-
tion as a function of the dipion
mass. The unitary limit for a /= 1
wave (4s {2)+1)X'g is repre-
sented by a solid curve. o, values
obtained from the Chew-Low for-
mula used in the physical region;
o, values obtained by extrapola-
tion at d'= —p,', g, values ob-
tained in the physical region by
Chew-Low formula, modiied by
Selleri's form factor.
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'4 J. P. Baton and G. Laurens, Phys. Letters 26B, 471 (1968).
"The bad 6t of these curves to the ps- mass spectrum comes from the additional reflection of the E +(1238) isobar which is

not taken into account here.
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FIG. 10. (a) Values of sinoP& as a function of the dipion mass.
The solid curve represents a Breit-Vo'igner formula (8) fitted by
least squares on the experimental points. The points and crosses
represent two different choices of the mass intervals. (b) So phase
shift, in degrees, as a function of the dipion mass. The solid curve
corresponds to the effective range formula (9). The points and
crosses represent two diGerent choices of mass intervals.

All these results are in agreement with those found
previously at the same energy. "Nevertheless, we do not
see the Neo(1688) isobar. Its absence may be explained
by the very restricted range of 4~ chosen for our study.

V. PION-PION SCATTERING
CROSS SECTION

A detailed study of the pion-pion elastic scattering
was described in a previous paper. 4 Let us mention that
the statistical accuracy has allowed to carry out in good
conditions the extrapolation suggested by Chew and
Low. ' The pion-pion total elastic cross section at the
pole of the transition Inatrix element has been obtained
by extrapolating to LP= —p,

' the values of the function

Figure 9, curve 1, shows the results of this extrapola-
tion, limited to the 6rst term of Eq. (7)."By this method
the theoretical value of 12xA' expected by the unitarity
limit for a resonant P wave is reached.

On Fig. 9 are shown also the pion-pion elastic cross
section obtained by the usual calculation in the physical
region, "" i.e., the mean value on a LV interval
(dashed curve), as well as the one obtained by the
introduction of Selleri's form factor (curve 3). One
notices the poor agreement of these two curves with
the values obtained by extrapolation.

Sy a similar extrapolation of the dipion decay angular
distributions, we have obtained the phase shift of the
I'I and S2 waves (indices correspond to isobaric spin).
These phase shifts are plotted as a function of the dipion
mass on Fig. 10. The E~ wave goes through 90' in the
vicinity of 755 MeV, and the phase shift of the S2 wave
is small (less than 20') and negative.

The local representation of sin'E~ by a Breit-signer
formula,

~lab2x 8 tT

p(p" Id gs) =—-- (g2+&2)2 —,(6) gives, for the p width,
f2 I0 (1oo2 112)1/2 r}oo2f}A2

I"=110~9MeV,
where W represents the total energy of the reaction (1)
in the over-all c.m. system, fs is the pion-nucleon
coupling constant, kl,b is the momentum of the incident
pion in the laboratory system, and co is the mass of the
6nal dipion. We can represent this function by the
following expression":

F(W,oo,ds) =
p2

+Z D-(~ ~) (A'+v')" (7)
n~1

"J.Naisse and J. Reignier, Fortschr. Phys. 12, 523 (1964).

and for the p
—mass,

co„=755~5 MeV.

Figure 10(b) shows the graphic representation of Ss
by an eGective-range formula

k cotS2= —1/as+-'2rsks, (9)
» A suf5cient condition for neglecting the last terms of Eq. (17)

at 6~=0 is that the phenomenon is peripheral. This is, however,
not necessary and we have called this hypothesis the "pseudo-
peripheralism"; see Refs, 4 and 16 for details.

~Saclay-Orsay-Sari-Bologna CoHaboration, Nuovo Cimento
29, 515 (1963).

'~ Saclay-Orsay-Sari-Bologna Collaboration, Nuovo Cimento
35, 713 (1965).
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TAsLE IL Slope of dN/d(LP/gH) for different (s ss) mass intervals.
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p mass (MeV)

Slope of dN/das 8.6+0.4 8.0&0.3 8.2+0.2 8.2+0.2 7.8+0.1

740-780 720-800 700-820 680-840 660-860 ~&660

3.9~0.2

)~860

S.1+0.1

where k= (-',Ms —p')')s is the relative momentum of the
two pions in the dipion barycentric system; we obtain
for the scattering length

c2——0.073~0.007 fm,

and for the effective range

rs= 2.7&0.5 fm.

VI. PRODUCTION AND DECAY OF o

Owing to the lack of statistics, the study of the
production and decay of the p meson has been done
until now by taking a wide mass interval —generally

200 MeV. It was thus impossible to analyze whether the
diferent parameters, production angle, matrix density
elements, etc., were dependent on the choice of the
dipion mass interval. A much higher statistics has
allowed us to examine this point.

A. y- Production Angle

It is known that the p production angular distribu-
tion follows an exponential law of the form do/dhs
=Re ~a'. Figure 11shows a semilog plot of d)V/d(LP/ps)
versus LP/jar for intervals of increasing width around
the p central value. The slope of the curves 6tted by
least squares on the different distributions gives the
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Tax DI. Probability for an isotropic Treiman-Yang angular
distribution for diFFerent 6'/p' and (s s ) mass intervals.
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FIG. 13. Asymmetry parameter, as a Function of the (s v')
mass. Experimental points are obtained by extrapolation; the
solid curve represents the mean value of the asymmetry for
1 &&dr/ps&~13; the dashed curve represents the results obtained
by a phase-shift analysis in the physical region (Ref. 22).

coeKcient 8. No significant variation of this slope is
seen as function of the p width. These results are
tabulated in Table lI. The mean value of the slope is
8=8.2&0.2 (GeV/c) ', which is in good agreement
with the values quoted in other papers. ""One notices
that the slope of the nonresonant background is not
constant. The following values have been found:

8'=3.9+0.2 (GeV/c) ' for M — 0~&660 MeV

and

8'=5.1&0.1 (GeV/c) ' for M —
~~& 860 MeV.

This result gives some support to a quasi-two-body
model of reaction (1) in the resonance region. "

On Fig. 11, where LV distributions for different p in-
tervals are plotted, a depopulation is apparent for small
values of 6'; this is due to a scanning bias which con-
sists in a lower detection efficiency for short proton
tracks (less than 1 cm).

B. ~ +' Scattering

I,et us de6ne the scattering angle 0 as the angle
between the outgoing m and the incoming x in the
barycentric system of 6nal pions. Figure 12 shows the
distributions of cos8 in the p region for different 6
intervals. For the lowest values of 6', these angular dis-
tributions exhibit a familiar behavior: an excess of
events in the backward direction for dipion masses less
than 750 MeV, a symmetric distribution around 750
MeV, and a forward-peaked distribution for high
dipion masses. However, when 6' increases, the shape
of these distributions changes rapidly and becomes
nearly isotropic for 9p, (6'(13@,', except for an excess
of events in the forward direction at the high mass
values.

The asymmetry ratio (Ii 8)/(I'+8) =—(forward
—backward)/(forward+backward) has been obtained
at 6'= —p, by extrapolating the coefficients of Le-
gendre polynomials B.tted on the angular distributions. '
The values shown on Fig. 13 result from this extrapola-
tion. The solid curve represents the mean values of this
asymmetry ratio for 1p,'(lV(13p, ', and the dashed
curve has been obtained by phase-shift analysis from
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Fn. 14. Distribution of the Treiman-Yang angle for /40 &3E~-~ ~&780 MeV and for different 6'intervals.

"Birmingham-Bonn-Hamburg-London (I.C.)-Munchen Collaboration, Nuovo Cimento 31, 729 (1964).+ D. R. O. Morrison, Phys Letters 22, 22.6 (1966).
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FIG. 15. (a) Values of the density matrix elements for the p decay as a function of As for different p mass intervals.
(b) Values of poo density matrix element in the p region.

a compilation. "There is good agreement between these
curves and the values calculated at the pole. The
asymmetry ratio is, therefore, one of the rare param-
eters of the pion-pion scattering which is insensitive to
the extrapolation toward the pole.

C. Treiman-Yang Test

If the single-pion production at low 6 is predomi-
nantly a one-pion-exchange mechanism, it is well known
that the distribution in the dipion rest system of the
angle between the plane defined by the incident and
secondary m. 's arjd the plane defined by the proton
before and after interaction, must be isotropic. This
angle can be defined by

p'Xq pjXpg

where q;, g —, p&, p2 are, respectively, the incident x
momentum, the secondary z momentum, the proton
momentum before interaction, and the proton momen-
tum after interaction; all quantities are dedned in the
dipion rest system.

In Table III are tabulated the X' probability values
given by a least-squares fit of an isotropic straight line
to the Treiman-Yang angular distribution for different

4' and p
—mass intervals. The agreement with an iso-

tropic distribution is quite good for narrow p
—intervals

and for low LV. On the other hand, the agreement is very
poor when the dipion interval and the 6' cut increase.

Figure 14 represents a set of these angular distribu-
tions for a dipon mass between '/40 and 780 MeV.

D. Angular Correlations

Study of angular correlations between the Treiman-
Yang angle q and the scattering angle 0 provides
additional information on the p decay process. "With
the assumption of a single resonant P wave, they are
related by the following expression, in terms of the
density matrix elements:

W(0, y) = (3/4s) I pM cos ()+s (1—ppp) sin'0
—Reptsv2 sin20 cosy —pr t sin'0 cos2q&g. (10)

It is known that, for a pure x exchange mechanism
and if the particle produced (the p ) has t = 1, one must
have

ppp= 1 and p]p= py y=0.

On Fig. 15 are presented the values of the density
matrix elements obtained by the method of moments
for diferent p mass intervals. The terms p~ ~ and Rep~p
are small but different from zero for all the p mass
intervals considered.

ALE IV. Slope and value at 6'= —p,' of the straight-line-Gtted distribution of ppp
as a function of 6', for different p mass intervals.

p width
(MeV) '/50-7'70 740-/80 720—800 700-820 680—840 660-860 710-/60 760—820

Slope of ppp 0.043+0.007 0.041+0.007 0.029~0.007 0.02/+0. 004 0.027~0.005 0.024+0.005 0.042+0.008 0.016&0.008
ppp value at

6'= —gP 0.94 &0.04 0.91 &0.04 0.84 ~0.04 0.82 ~0.02 0.82 ~0.03 0.79 &0.03 0.88 +0.04 0.79 &0.04

~ J. P. Baton and J. Reignier, Nuovo Cimento 36, 1149 (1965).
~ K. Gottfried and J. D. Jackson, Nuovo Cimento 55, 309 (1964).
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FIG. 16. Plots of the Treiman-Yang angle q versus the scattering
angle cosg for diBerent p mass intervals and lg cuts.

A first-degree polynomial has been ad usted by least
squares on the poo calculated values. It seems that the
slope of this straight line and its value at lg= —p~ de-
crease systematically when the p mass interval in-

creases (Table IV). In addition, the extrapolated value
of this straight line at LV= —p' and its slope are differ-

ent for the lower half of the p
—meson P10(3II,-&~ 760

MeV) or the upper half (760&%',-&~810 MeV) /Fig.
1S(b)g.

Finally (Fig. 16), a strong correlation between 8

and y is observed. This diagonal e6'ect"" persists for
all p

—mass interval and seems independent of the LV

cut. This corresponds to the presence of the Repro term.
Table V summarizes the results, giving, for various p
mass intervals and As values, the ratio of the population
in each quarter of the 8„-pplot to the total population
of the plot.

The different behavior of p00 on the tails of the p
6nds a reasonable explanation in the presence of a
T=2, D wave in the high mass region.

The sensitivity of the p;; matrix elements to the
choice of the p mass interval makes doubtful any
physical interpretation of the experimental values of
p, ; s for wide resonances. This is a fortiori true when, in
experiments with low statistics, one considers wide lV

or effective-mass intervals.

VII. CONCLUSIONS

The results obtained show that the OPE model can
be considered as a dominant mechanism for the reac-
tion s. p-+s. s-'p at the present energy. Owing to the
fairly large statistics accumulated, we were in good
position for analysis of the behavior of different p
parameters as a function of 6' and for di6erent m mo

intervals around the p central value. It then appears
that:

(a) The p mass and width seem constant with
respect to 6', when the kinematic corrections are taken
into account.

(b) The slope of p differential production cross sec-
tion is constant, from narrow to wide m x' mass in-
tervals. On the other hand, the slope of m x'differential
cross section outside the p region is different and
smaller.

(c) The value of the pw density matrix element is
strongly dependent of LV and also, but less signidcantly,
of the p mass interval; in particular, the poo values are
not the same in the two halves of the p- resonance.

(d) Angular correlations between Yang- Treiman
angle and scattering angle persistfor any''or mass cuts.

(e) Finally, the scattering angle fl exhibits in the p
region the expected behavior of cos'0 for very sma11
values of A~; it becomes practically isotropic for h~

above 9p~.
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