
VOLUME 11,NUMBER 2 PHYSICAL REVIEW LETTERS 15 JUL@ 1963

STUDY OF PION-PION RESONANCES IN 3.3-BeV n —p INTERACTIONS*

Zaven G. T. GuiragossAn1
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(Received 9 May 1963)

We have studied the interactions

77 +P 7T + lj + pg

and

(b)

in the Lawrence Radiation Laboratory 72-in.
hydrogen bubble chamber exposed to a (3.3 + 0. 1)-
BeV/c v beam from the Bevatron. The beam
momentum and uncertainty were determined by
the measured momentum distribution of incom-
ing tracks of length greater than 60 cm and prop-
er entrance angles.

Data reduction was performed with the FOG-
CLOUDY-FAIR system. With the above beam
momentum and uncertainty, two-prong events
were fitted to reaction types (a) and (b). Events
with proper beam acceptance angles, converging
iterations, and y~ values -5. 5 for either reaction
were examined. Separation into Reaction (a) or
(b) was done by determining the ionization and
range of the positively charged tracks, up to 1.0-
BeV/c momenta. The missing neutral masses
were computed for both types by using measured
parameter values. For the separated events,
the distribution of missing mass squares of (a)
gave a peak at the neutron mass and another near
the (n+m ) mass. For (b), we obtained a peak
at the m mass, and enhancement at the g mass.
The missing mass squares were computed by Mo'
=(E, '+I&-E„'-E, )'-(S', '- J', '-&,+ &)'.
Cuts were then imposed o define the desired
neutral masses for the entire sample. Further,
a "good-measurement" criterion was applied to
the entire data. Including 1700 elastic interactions
a total of 5000 two-prong events were measured.
Thus, 532 events were identified as Reaction (a)
and 365 events as Reaction (b); these include 30
half-weighted ambiguous events which had high
momentum transfers to the nucleon.

Experimental results. —We have computed the
"dipion" effective mass, +, the invariant mo-
mentum transfer to the nucleon, f = h~/pm; and
the angle between the incoming and outgoing v

in the barycentric system of the final pions, ez„.
The beam momentum uncertainty contributed ap-
proximately 15 MeV to the error in ~, and other
errors brought this to about 35 MeV; accordingly,
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FIG. 1. (a) Spectrum of co(~, ~ ) from 532 events
of reaction 7t +p-7) +~++n. Dashed curve: 50%
invariant phase space and 50% invariant phase space
with Breit-Wigner resonant term using I' =175 MeV,
cu =775 MeV. (b) Spectrum of cu(~, T ) from 365 events
of reaction ~ +p —m +~ +p. Dashed curve: same as
in (a) with 1 ~ = 125 MeV, ~~ = 775 MeV.

we chose to make a histogram of & in 50-MeV
intervals. Figures l(a) and 1(b) show the histo-
gram of the "dipion" mass for the (w w+) and

(v wo) states, respectively. The (w, v') spec-
trum is strongly peaked at a~=775 MeV, which
accounts for the p meson. The dashed curve
in Fig. 1(b) represents the sum of 50+ invariant
phase space and 50% invariant phase space with
a normalized Breit-Wigner resonance term of
the form N/[(&u —~ )'+ (-,'l )mj. The resonance
term used has a value of full width at half-maxi-
mum l =125 MeV. This curve is normalized to
the p peak. The (v, v+) spectrum is also strong-
ly peaked at a central value of w =775 MeV,
which accounts for the p meson', however, here
the resonance width appears to be broader than
the width of the p meson. With the mixture of
invariant phase space and phase space with reso-
nance, determined by the p spectrum, the dashed
curve in Fig. 1(a) is computed by using a value
of I =175 MeV. This curve fits best around the

p region and is normalized to the p' peak.
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A second peak in the (v, n+) spectrum is ob-
served with a central value w =1250 MeV and
a width of I"=200 MeV. Similar peaks have been
seen in two recent experiments. ' 3 The shoulder
seen around 1050 MeV which appeared to be re-
solved at an earlier stage of this experiment has
lost its resolution in this final analysis.

To study the resonant behavior of these peaks
we have constructed distributions in cose~~ for
several segments of the ~ spectrum. Due to
the &u'/p' vs a'/p' phase-space limitations, the
angular distributions are presented with lower
limits of t chosen as tmin =0 for 275 & ~ &1000
MeV, and tmjn 4 0 p, for 1000 & cu &1450 MeV.
Distributions were made in t for various seg-
ments of & in both reactions. All of these dis-
tributions showed a characteristic dependence
t/(t+ l)~. Most of the events were confined to
values below 8=25 p, ', the rest being dispersed
in a tail extending to tmax =275 p,~. Accordingly,
the angular distributions are presented with the
upper limit of f = 20 p.'. Figure 2(a) is the angular
distribution at the p resonance showing a char-
acteristic cos'8 dependence over a constant
background, 700 ~~(m, mo) &850 MeV. Figure
2(b) is the angular distribution above the p
resonance, 850 & &u(v, vo) &1000 MeV. The for-
ward peak indicates that the p-wave shift, 5„has
crossed over 90'. Figure 2(c) shows that the
angular distribution at the p' resonance is strong-
ly peaked in the forward direction, 700 ~ ~(w, m+)

&850 MeV. This behavior continues after the p'
resonance as seen in Fig. 2(d), 850 ~~(~, w+)

&1000 MeV. This indicates that an s-wave or
a d-wave phase shift from the isotopic spin T =0
component of the (v, w+) state is sufficiently
strong to interfere with the p-wave phase shift
of the T =1 component 5„such that it prevents
the effective phase shift from reaching 90' at
the p' resonance. The T =2 component is ruled
out for such a behavior since it would have ap-
peared in both reactions.

Figures 2(e), 2(f), and 2(g) show the angular
distribution before the peak [1000 ~ &u(w, w+)

&1150 MeV], at the 1250-MeV peak [1150~ &u(v,
v+) & 1300 MeV], and after the peak [1300 ~ &u(tr,
v+) &1450 MeV], respectively; Fig. 2(f) is a non-
isotropic symmetric distribution. The 1250-MeV
peak is seen in the (rr, w+) state and not in the
(&, &'), so that this resonance has isotopic spin
T =0; whereby, it is confined to even angular
momenta. Although Fig. 2(f) does not show the
characteristic d-wave hump at e~~ =90', the
J=0 value is ruled out by nonisotropy. Dalitz
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plots were constructed for Reactions (a) and (b).
Figure 3 represents the projections of those plots
in terms of the final pion reaction center-of-mass
kinetic energies, T~. The curves shown are the
invariant phase-space integrals normalized to the
total area of each histogram. The position of
possible pion-nucleon resonances are indicated
accordingly. Figures 3(a~) and 3(a~) are the T +
and T projections, which a,re equivalent to the
(v, n) and (v+, n) effective-mass spectra, re-
spectively. No appreciable deviation from phase
space is seen in either state. Figures 3(b ) and
3(b,) are the T„o and T projections, giving the
(v, p) and (v', p) effective-mass spectra, respec-
tively. Deviations from phase space are evident

FIG. 2. Distributions in cose~z, the angle between
the incoming and outgoing ~ in the barycentric system
of the final pions. (a) 700» cu(m, ~~) &850 MeV, and

tmin & t ~ 20 p; (b) 850 ~ cu(&, ~ ) & 1000 MeV, and t
&t-20 p~; (c) 700-cu(w, ~+) &850 MeV, and t ~&t
-20 p; (d) 850- ~(7l, ~i+) &1000 MeV, and tmin&t-20
p; (e) 1000- co(~, ~ ) & 1150 Me V, and 4.0 p~ & t & 20 p;
(f) 1150-cu(~, n+) &1300 MeV, and 4. 0 p~&t-20 p~;
and (g) 1300~ cu(&, m+) &1450 MeV, and 4. 0 p &t» 20 p, .
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in both states. The T~o distribution has a 4-
standard-deviation peak corresponding to 2400-
MeV (w, p) effective mass. The T distribu-
tion has a 3.5-standard-deviation peak at the
N~„*(1238) position. If the peak in the T„dis-
tribution is assumed to be due to the N~12*(1238)
resonance, then the 2400-MeV peak in the T„o
distribution must be considered as spurious. An
examination of the Dalitz plot of Reaction (b)
shows that 40@ of the events at the 2400-MeV

FIG. 3. Projections of Dalitz plots in terms of final
pion c.m. kinetic energies. (a&) and (a2) are projections
from ~ +p —ri +& +n; (b&) and (b2) are from T +p —T

+ no+ p. Solid curves are phase-space integrals. Po-
sitions of possible N* resonances are indicated by A,
B, C, and D for the pion-nucleon effective-mass values
of 1238, 1512, 1688, and 1920 MeV, respectively; E
has the value of 2400 MeV.

region of T 0 come from the N~, ~*(1238) of Tz,
and 25$ from the p resonance.

In Reaction (a) the final state m-m resonances
dominate over (w, n) interactions, whereas in Re-
action (b), with the presence of a single v-v reso-
nance, the remaining phase space is available to
the pions for any (v, p) interactions.

Conclusion. —The striking difference in the
angular distribution between the p and the p
needs further explanation. This difference
seems to be independent of energy. ~ If the ap-
parent enlargement of the p width is due to an
adjacent w' which decays electromagnetically5
into two pions, then interference with this same
process cannot explain the forward asymmetry
in the p decay angular distribution. This is
because the general form for the angular distri-
bution of a vector particle decaying into two
pions, when averaged over the azimuthal angle

y, is of the form' a+bcos'8 whether the mech-
anism is strong or electromagnetic. The azi-
muthal angle g is measured with respect to the
normal to the p or u production plane.

Recent experiments on high-energy p-p elastic
scattering indicate that the first Pomeranchuk
trajectory may have a slope' of op '(0) = I/80 p, '.
If the Regge singularities are confined to simple
poles and if a constant slope of Regge trajectories
is assumed~ over a wide energy range, then the
1250-MeV T =0 ~-n resonance can be interpreted
as the physical manifestation of P, . Recently, a
second Pomeranchuk trajectory P„with the in-
tercept value n~ (0) =0. 5, has been postulated.

2
Under the above assumptions this should manifest
itself as a T =0 v-~ resonance at 1800 MeV, which
is above the phase-space limitations of this ex-
periment.
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Birge research group. I would like to thank
Professor Luis W. Alvarez and his group for
the bubble chamber exposure, and the data anal-
ysis group of Howard White for the data reduction.
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p-MESON REGGE TRA JECTORY AND HIGH-ENERGY CHARGE-EXCHANGE SCATTERING

Ivan J. Muzinich
University of Washington, Seattle, Washington

{Received 27 May 1963)

The n-p charge-exchange differential and total
cross sections were recently measured at 2. 04
and 2. 85 BeV.' A very sharp forward peak was
reported in the differential cross section. A pos-
sible explanation of this sharp peak was proposed
by Phillips' in terms of an interference between
the single pion contribution and the background
part of the NN amplitude. The purpose of this
communication is to propose an alternative ex-
planation in terms of the p meson treated as a
Regge pole. If this explanation is indeed correct,
the high-energy n -p and K -p charge-exchange
reactions should also show a similar sharp peak
for small momentum transfers.

It is well known that only the exchange of parti-
cles and resonances of isospin 1 or greater are
possible for charge exchange. Of the known par-
ticles and resonances, the p and m mesons should
be important for n-P charge exchange and the p
meson only for m -P and K -p charge exchange.
In the n-P case if the v and p mesons are treated
as poles in lowest order perturbation theory with
currently expected coupling constantss g &g /4~
=2 andg &g /4m=15, one finds total disagree-
ment with the experimental results in reference 1.
This is not surprising since the p contribution,
due to the large p mass, gives rise to a broad
peak, and the m contribution which is 0 in the for-
ward direction is too large at the larger angles.
Because of the spin structure of the NN amplitude
and the quantum numbers of the v and p mesons,
an interference between the m and p contributions

is impossible and any one-pion contribution is ad-
ditive.

In this communication the p-meson Regge tra-
jectory is assumed to be the dominant mechanism
in high-energy charge exchange, and it is shown
that the slope of the p trajectory a'(t), t ~ 0, can
be adjusted to give rough agreement with the n-p
experimental data' for small momentum transfers.
The p meson treated as a Regge pole gives a dif-
ferent angular distribution than the broad angular
distribution from that due to the p treated as a
perturbation-theory pole.

A detailed treatment of the NN problem in terms
of Regge poles is given. 4 The contribution of the
p trajectory to the NN helicity-nonf lip amplitude is

x[0' (-g )- (P (g )]-,'[1+2(-l) ], (j)t n t
where P(t) and o. (t) are the residue and position
of the p trajectory. The quantities s and t are
the usual Mandelstam variables. The p is ex-
changed in the t NN channel. The quantity T is
the total isospin for the NN channel. The func-
tion 5' o(zt) is related to the hypergeometric func-
tions by

(& ) &(o+k) (t
it I ( l)( )v2 +la( o) ro' r & allI
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