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THE ANCMALY IN MESON PRODUCTION INp + d COLLISIONS*
Norman E. Pooth, Alexander Abashian, and Kenneth M. Crowe
Lawrence Radiation Laboratory

University of California
Berkeley, California

In an earlier letterl we reported the results of some preliminary meas-
urements of the momentum apectra of He3 and H3 nuclei produced in collisions
of high-energy (624- to 743-Mev) protons with deuterium. In addition to the

single~-pion reactions

f He3 + “0
ptrd-—~ *‘\ H3 o ot . (1a)
we looked for the reactions
I He + &0 ' (1b)
pird- +1r*w‘w ’ ' (1c)
l +u0 ¢ o0 (1d)
and
J [ P (2b)
ptra ks 1}‘ H3 at + 9 . (2¢)

where «: may be a particle ofﬁnase between 1 and 2.8 pion masses. For
reactions resulting in a Heg. the two pions (or particle) can be in isotopic
spin statec Oor 1; if a £~13 results, only I = 1 is allowed. We found an anomalous
peak in the Hes spectra which appeared to behave kinematically like a particle
or resonance of mass approx 310 Mev. At that timne we were unable to give
a definite isotopic spin aeaighment to the anomaly, and we considered a P-wave
w-n resonance as a possible explanation. 2

We have since repeated the experiment with a new arrangement which

enabled us to measure both the He3 and I~13 spectra with improved resovlrgttion
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and accuracy. With the new data we have been able to assign an isotopic
spin I = 0 to the anomaly, and subsequently to rule out the P~wave w-vw
resonance hypothesis, It is possible to explain the anomaly by means of a
gtrong S-wave w-w attraction in the I = 0 state, with a acatt'oring length
Setwaan 2 and 3 pion Compton wave leagths.

Figure 1 is a schematic drawing of the experimental arrangement. The
proton beam extracted from the 184-inch cyclotron was passed through a gaseous
deuterium target operated at liquid nitrogen temperature and at about 300 psi.
Particles produced at 11.8 deg were collimated by a system of alite, and
focused at infinity by the quadrupole Q 1’ Momentum analysis was accomplished
by the bending magnets M, and M,. Quadrupole Q, focused the particles at a
grid consisting of six 1/2-inch-wide counters each of which defined a momentum

3 3

and H™ were selected from other particles by time

bite Ap/p of 0.45%. He
of flight, range, and dE/dx. Backgrounds were measured by using hydrogen

gas in the target.

3 spectra at the full

The results of the measurements of the He3 and H
proton enexrgy of 743 Mev3 are shown in Figs. 2a and 2b. We were unable to
observe H33 of momenta less than 1000 Mev/c because of their low range. The
peaks at 1530 Mev/c correspond to Reactions (la) and (2a) at 50 deg c. m. for
the heavy particle. The peak at 820 Mev/c in the H3 spectrum corresponds to
156 deg c. m. in Reaction (2a). Double-plon production for this laboratory-
system ahgle is kinematically possible betweén the limits of 910 and 1440 Mev/c.

If we assume the anomaly {8 not due to a pion-nucleon interaction, and
that charge independence holds, we can analyze Reactions (1b, c, d) and (2b, c)
in terms of the isotopic spin of the two pions (or particle). Since the p + d

3

system has I = 1/2 and I = 1/2, we can form with He" or H3 the I-gpin eigen-

functions having 1= 1/2, I_ = /2
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T7°, He? (3a)
Va3 Tl B2 -NI73 TG med, (3b)
where, for two pions,
—”-11 =172 (v o0 - 0 o), (4a)
T =72 (o" o - v 0, | (4b)

and
"n’oou N1/3 (r w o v - a wO). (4c)
Thus, with HY we have only I = 1 production; but with H33 we have both I = 0
and I = 1, the amoutit of I = 1 being 1/2 as large as in the Hs cage. To get the
I = 0 spectrum shown in Fig. 3, we drew & samooth curve thraﬁgh the H3 spectrum,
divided it by two, and subtracted it from the He3 spectrum.

Before looking carefully into poasible explanations for the bump that
appears in the I = 0 spectrum, one muet know the momentum resolution of the
experimént. This resolution was calculated by{ taking into account such effeits:
as finite angular definition, beam dimensions, image and grid sizes, multiple
scattering, angular div&rgencea. and energy spread of the proton beam. By
making reasonable assumptions about the energy spread of the proton beam,
we were able to reproduce the shapes and widthg of the three single-pion
preduction peaks. Figure 4 shows the resclution function for HeB momenta
near 1400 Mev/c. The full Mdth at half-maximum is 35 Mev/c, with an
estimated uncertainty of fg Mev/c.

As a starting point for comparing the data with theory, we computed the
Leorentz~invariant phase-space volume elem;nt in the laboratory system:

a, 932 ( apl ) 1/2
¢ e 3 1- — . (5)

dp, df2, wg \ w”
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where

dpy dpy g v
ngws fﬂ4 us 6‘23*&‘!‘25-31)6(0)34!«)44}“5_“1).

Py 1s the momentum of the incoming proton, W, is the total energy in the
laboratory system, pg and wg are the respective momentum and total energy
of the He3. and w is the total energy in the barycentric system of particles
4 and 5, the two pions of mass p. We have assumed the transition matrix
element to be & constant, and restrict ourselves tﬁ: the relativiatically favariant
form of the volume in phase space. The calﬁulatiéas were done for charged
and neutral pions and combined according to Xq., (4c). With the resolution
folded in and normalized to the experimental data at momenta below 1350 Mev/c,
by is shown as the dashed curve in Fig. 3. |
A promising explanation at the moment is tha;t the anomaly is due to a

strong s-w;ve n-u interaction4 ﬂgat can be characterized by a Qcatte:ing length.
The conditions for the validity ofv the theory of final-state intenctioms are:
that the mechanism of the primary reaction be a short-range interaction, that
the final-state interaction be strong and attractive, and that we consider only

low relative energie- of the two pions., Under these conditions, which we will
see can be satisfied here, the volume element in phase space (£q. 8) for a
given value of the pion-pion energy w is enhanced by a factor proportional
to the pion-pion scattering cross section at the energy w. To obtain the energy
dependence of the pion-pion cross section we go to Eq.‘ (V. 22) of Ref. 6, where

we define a scattering length a O as the amplitude at zero energy. Weo have
1/2 /2 1/2
L0 1 v\
K” ) cot by = g 4 --\--T En{w’&*{v 1) ]. .‘6’

where 6(? i the S-wave w-w phase shift in the I = 0 atate/ ';’:m?n the square of
the momentum (in pion mass units) in the two-~pion barycentric system. This

gives an enhancement factor (normalized to unity at v = 0)
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(1 28 vz | 1y 2 v |-}
{f 80 | N 1/2 Z Q
Flv) = "i\l + ——— g\‘\mj\ in td;; + {vt+1) ) + aao m? » (1)

This is exact for the S-dominant solutions of the w-vw equations7 where the n-%
coupling constant is

\ = _l asG
B Ho.s‘haw ‘

For the P-dominant soluticmaa Eq. (7) is etill a very good approximation,

but to evaluate A we must know v, and I, the position and width parameters
respectively of the P-wave w-w rescnance, 9 We obtained good fits to our I = § data
at momenta above 1350 Mev/c with a,q between 2.2 and 3.0 e with a best-fit
value of 2.5 t/uc. The solid curve of Fig. 3 shows the fit obtained for

ag0° 2.8 0/ pc. We do not expect the computed curve to fit the experimental

points below 1330 Mev/c for thé following reason: the final.gtate interaction
picture ie valid only at low relative energies of the two pions where their

attraction is large compared to other effects, such as details of the production
mechanism and final-state w-Hea interactions.

In Fig. 4 we show the result of suhtréntiug the phase-space volume from
the data. The peak oécura at a mass value of about 300 Mev, and unfolding the
resolution gives a width of about 25 Mev. This yields a lifetime of the same
order as ths interaction time, and the concept of a particle becomses vague. It
therefore seems doubtful that this is the vector meson of Nambu. 10 We intend
to settle this question independently of the reao;gﬁgpn in a subsequent experiment.

We cannot completely rule out the pouibmty that ihe anomaly is due
to final-state interactions between the He> and one of the pions. The I = 3/2,

J = 3/2, pion-nucleon state can occur in the 2-13 case, but not as strongly ae

3

in the He” case. However, in the region of the anomaly we are below the

energy of the 3/2, 3/2 resonance. Also, in other experiments in which the
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final state consisto of two pions and a nucleon, the energy epectrum of the

11

nucleon is usually not strongly influenced by the 3/2, 3/2 resonance. ** We

can dismiss the S-wave plon-nucleus interaction because it is known to be
- small at these energies. 12
We have also considered the symmetrization of the wave function for
the two plons. Details of the derivation are given in Ref. 3. We preoent here
only the result, which is to multiply Eq. (5) by the factor
B(R) = 1+ exp [ - { (w/p)? - 4) (R/2.15)%], where R ie the radius of interaction
in units of 1/p. The effect of the symmetrization on the shape of b, is small
for all values of R and cannot reproduce the observed bump. We will there-
fore neglect B(R), although including it would decreage the velue of the
scattering length derived above.
Ancther effect we mention only briefly is the He‘s wave function. Roughly

3 more easily when

speaking, the three nucleons stick together to form a He
they have low relative energies because the Has wave function has fewer high-
momentum components. This effect favors low Kes momenta. From both the
H3 and He3 spectra, we conclude that this effect is small or else compensated
for by something clse. |

We plan to repeat the experiment at another laboratory-system angle. It
should then ba possible to make the correct interpretation.

We wish to acknowledge the generous and helpful agsiseance of the many
students, notably Robert L.. Beck, Philip B. Beilin, Gordon M. Bingham,
John B. Czirr, Hans W. Kruger, and R. K. Shafer, who devoted large amounts
of time and e¢nergy to thie experiment. It is a pleasure to thank Dr. Geoffrey
F. Chew, Dr. Richard H. Dalitz, Dr. A. Pais, Dr. Emilio Segrd, and
Dr. Kenneth M. Watoon for many enlightening discussions. Finally, we wich
to thank Mr. Jameo Vale and the entire cyclotron crew for capable and reliable

operation of the cyclotren.
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FIGURE CAPTIONS

Fig. }!. Experimental arrangement. |

Fig. 2a. Momentum spectrum of He3 at 11.8 deg, laboratory syetem.

$ig. 2b. Moraentum spectrum of Hs.

Fig. 3. 1= 0 part of H‘aa spectrum. The dashed curva {s the phase-apace
volume fitted to the points below 1300 Mev/c. The solid curve i the
phaaé»apace volume multipliad by the plon-pion enhancement factor
for a scattering length a_, = 2.8 ¥/pc. The @xparimemai resolition
has baen folded into both curves. The w scale gives the total ensrgy
in the two-pion barycentric system.

Fig. 4. Effect of subtracting the phase-space volume from the 1 = 0, He3
data. The solid curve is the computed experimental f@anlmion ot

1400 Mev/c.
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