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MULTIPION PRODUCTION IN DEUTERON-DEUTERON INTERACTIONS AT 7.9 GeV/c
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Pion pair production is studied in the pure state of isospin T = 0 using the reaction
dd —ddw7t. in a bubble chamber experiment, The data are compared in detail with a one-
pion-exchange and a Reggeized one-pion —exchange model including proper Bose sym-
metrization and the effects of the deuteron spin. No additional 7t7t interaction is neces-
sary to explain our data. A 71'. mass plot in bins close to our experimental resolution
is presented as an incentive for bump hunters.

Ne have examined pion production in deuteron-
deuteron collisions at a laboratory momentum of
7.9 GeV/c via the channels

GMiT 7T

(2)

-dPn7r Tr (3)

Interest in Reactions (1) and (2) stems from the
fact that, since the deuteron has isotopic spin
zero, the m'm or m'v m' system produced must
be an isoscalar. In particular, Reaction (1) pro-
vides the possibility of studying the T=O mm in-
teraction without any T = 1 or 2 background. Ne
present a detailed analysis of Reaction (1) which

shows that at this energy a simple dynamical
picture can predict the main features of the
ddt'Yr final state and that it is therefore likely
that this production reaction is a rather insensi-
tive probe of the T=0 zv interaction proper (at
least at the statistical level of this experiment).
Furthermore, although Reachon (3) imposes no

selection rules on the 7)'m system's isotopic
spin, we find experimentally that its character-
istics are similar to those of Reachon (1).

The experiment was carried out in the Brook-
haven 80-in. bubble c;&amber filled with deuteri-
um and exposed to an electrostatically separat-
ed beam of 7.90-GeV/c deuterons. A total of
75000 pictures was taken representing a 2-event/
pb exposure. The beam purity was monitored
carefully since a small proton contamination
could cause a serious background [e.g. , the pro-
cess pd-pdv'7t is kinematically indistinguish-
able from Reaction (1) and has an appreciably
larger cross section]. A Cerenkov counter (&99 (o

efficient for protons) was used to record for
each beam pulse whether any particle lighter

than a deuteron entered the bubble chamber.
This indicated a beam purity greater than 97%.
of the pictures containing an identified dd inter-
achon of interest, a fraction (20+4)o/o was
accompanied by a Cerenkov signal; with eight
tracks per picture this is consistent with the 3%
impurity recorded for the beam as a whole and
indicates that there is no significant accumula-
tion of proton-induced events in our sample. In
addition, the deuterium used in the bubble cham-
ber was analyzed and the free (molecularly
bound) proton contamination found to be less
than 0.9%; furthermore, events coming from
such contamination would be suppressed by
ddt'm four-constraint kinematic fits because
the target particle is required at the scanning
stage to stop in the liquid. The above informa-
hon allows us to say that at least 90/o of our
events are caused by a primary dd collision.

The events were selected by scanning for four-
pronged interactions (thereby neglecting deuter-
ons with momenta less than 130 MeV/c and pro-
tons with momenta less than 80 MeV/c). The
preliminary selection of events insures that the
beam deuteron does not break up by demanding
that it scatter by less than 4' and lose less than
2 GeV/c in momentum. The slow deuteron was
required to stop in the chamber within 30 cm of
the vertex. These requirements force the four-
momentum transfer to either deuteron to be less
than -0.3 (GeV/c)', which results in a negligible
loss of events due to the sharp momentum-trans-
fer dependence of the deuteron form factor.
After application of these scanning selection
criteria we were left with 10000 events to mea-

All candidates were fitted using the standard
THRESII-GRIND analysis programs. Reaction
(1) is experimentally very well determined by a
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Table I. Cross sections for pion production process-
es in dd collisions at 7.90 GeV/c.
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four-constraint fit. The main background, com-
ing from Reaction (3), was evaluated by examin-
ing the distribution of coso~„of the angle between
the proton and the neutron in the laboratory for
all events fitting Reaction (3). The dd-ddii'ii
contribution was then extracted by looking at the
excess of events at cos6~„&0.8 [for Reaction (3)
the cos8~„distribution is isotropic]. This pro-
cedure, and a weighted event assignment based
on the y' of the fit, gave consistent estimates
which indicate a background of approximately 7

events in the sample used for the ddt'n analy-
sis.

The number of events observed in each channel
is given in Table I along with the physical cross
sections. An estimate of losses due to unseen
slow protons and deuterons has been made. The
background corrections to the ddt'm final state
are mell defined as discussed above, but the few
ddt'm m' events we observe may be contaminat-
ed by the dd-dpniT'ii (iin) reaction in a manner
that is difficult to estimate. Therefore we can
only put an upper limit of 7 pb on Reaction (2).
By examining the m'm v mass distribution from
all events fitting dd -ddt'n m' we can put upper
limits of 1.5 pb on the production process dd-ddt and 1 p, b on dd -dd~. With regard to Re-
action (3), only those events in which the fast
(incident) deuteron did not break up were selected
by our scanning procedure. This provided us
with a subsample of events which could be fit
well kinematically. One half of Reaction (3) was
lost by this procedure. This and other experi-
mental losses have been corrected for in estimat-
ing the cross sections given in Table I.

We now proceed with an analysis of the dynam-
ics responsible for dd -ddt'n . First of all,
it is important to recognize that there is a se-

FIG. 1. Phase space (dashed curves) and form-fac-
tor-modified phase space (solid curves) for the zm.

mass distribution in the reaction dd ddt m at 7.9
and 20 GeV/c.

vere "kinematic" suppression of the ddX final
state since the deuteron form factor is very
strongly peaked at small momentum transfers:
E„(t)~x:e M' for f &0.05 (GeV/c)' Th.erefore it
is desirable to go to as high an incident deuteron
momentum as possible in order to open up the
phase space for this production process. This is
illustrated in Fig. 1.

Only six events of the type dd-ddt'~ were
observed in previous work' done at 3 GeV/c and
therefore no analysis could be made concerning
the production mechanism. Figure 2(a) shows
the pure T=O m'm mass distribution from our
experiment which is peaked at threshold and
falls smoothly to zero at m„=700 MeV/c'. This
is qualitatively what would be expected on the
basis of the form-factor-modified phase space
shown in Fig. l. Figure 2(b) shows the dpi mass
spectrum. This is dominated by the "d*"en-
har;cement at 2200 MeV which has been seen in
many previous experiments where a deuteron
and pion were produced in the final state.

We have been able to explain quantitatively the
features of the dd-ddt'v production process
in terms of the dynamics implied by the diagram
in Fig. 2(c). This one-pion —exchange process
is the simplest nonresonant mechanism that can
be written down for Reaction (1). The calcula-
tion has been done in some detail inc1uding ex-
plicitly the effects of Bose statistics, the deu-
teron spin, and the interference terms between
exchange diagrams. The expression for the un-
polarized differential cross section is

(2 )s2n~ ~ 9 Z ~~ ~
~ (+final +initial) lo ~ / / i

~ ~

0)t'" =ggn" +st|', s (7i' and m interchanged),

(4)
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In these expressions, R is the total c.m. energy,
I', is the c.m. momenta of the colliding deu-
terons, and the other kinematic variables are de-
fined in Fig. 2(c). Equation (7) is the usual pole
approximation for the virtual pion scattering at
the upper or lower vertex. ' The nd partial-wave
amplitude f, (s) was calculated using the im-
pulse approximation and mN scattering ampli-
tudes. ' For the pion propagator 6' both a single
pole (P(t ) = 1/(t, -m, ) and a Reggeized trajectory
of the form IP(t„S„,t», t„)= (w/v 2)(cosh/, /S, )

= (S„—t„-t„)-(m,'—t„—t„)(m,'-t„-t,)/2t„and
S,= 1(GeV)' were tried. The Reggeized propaga-
tor systematically gave better agreement with
the data although with differences negligible with
respect to our experimental statistics. The cal-
culations were done with Monte Carlo techniques
including all experimental cuts, and the solid
curves shown in Figs. 2 and 3 are the smoothed
results.

%Ye emphasize that the only input parameters
are the pion-nucleon phase shifts and the deuter-
on wave function (taken from the Moravcsik III
approximation'). The calculated total cross sec-
tion is 54 pb while the experimental one is 25",
LLb (both before correction for experimental
cuts). Therefore the dd-ddw'w intensity is
predicted to within a factor of 2, which is a rea-
sonable success for this type of calculation. In
the following we have normalized the various
theoretical distributions to the number of ob-
served events to best compare differential pre-
dictions.

The m'm mass spectrum is satisfactorily ex-
plained with no mm or dm interactions other than
those implied by Fig. 2(e). The Reggeized pion
propagator gives a better fit than the simple
one-pion exchange. However, if pion exchange
is the basic mechanism for dd —ddt'm at this
energy, then the m'm mass spectrum can also
be modified by introducing a T = 0 mm interaction.
This is illustrated by the dotted curve in Fig.
2(a) which is a OPE calculation including an S-
wave m~ interaction with the scattering length
aoo = 1.58/m, c. The Chew-Mandelstam effective-
range formula was used for the 7t7t interaction as
done by Abashian, Booth, and Crowe. ' Our data
are not incompatible with a low-energy mm, 1' =0,
8-wave interaction of the Abashian-Booth-Crowe
type with an effective range of order 25/m, c.

The dw mass spectrum shown in Fig. 2(b) pre-
sents the familiar d* enhancement. This effect
is not a resonance because the deuteron in each
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FIG. 4. ww mass distribution in 10-MeV/c bins. The
curve is the ROPE prediction normalized to the full 54
events.

dm reference frame keeps its original direction
of travel. %e thus consider the enhancement as
due to the large dm elastic cross section when
the ~N collision is near the N„* region.

Figure 3 shows some pertinent four-momen-
tum and angular distributions and indicates
where the bare (no absorptive corrections) cal-
culations based on the graph of Fig. 2(c) break
down. The four-momentum transfer to the deu-
terons is shown in Fig. 3(a). Its agreement with
our calculation is based almost entirely on the
deuteron form factor alone and lends support to
treating the ~d scattering via the impulse approx-
imation. Figure 3(b) shows the four-momentum
transfer across the virtual particle exchanged,
which is sensitive to the propagator used in Eq.
(6). The actual data have a somewhat sharper
t dependence than predicted by simple OPE, and
the Reggeized OPE model gives a slightly better
fit. The pion angular distribution in Fig. 3(c)
disagrees with theory (y' probability is 2%%uo).

The Treiman- Yang angle distribution in Fig. 3(d)
is compatible with the Reggeized model (y'
probability is 40%%uo). Including a final-state ww

interaction of any reasonable strength does not
affect these angular distributions. The cause of
the sharp anisotropy in the theoretical prediction
for the angular distribution of the pions in the
production center-of-mass system can be traced
to the behavior of the ~d scattering matrix ele-
ment; it is not generated by either the form fac-
tors or. the propagator. Thus the disagreement
with the data undoubtedly reflects the presence
of the nd final-state interaction between a w and
a d from different vertices which are expected
to be appreciable because of the large 7td total
cross section and the fact that all combinations
of md masses are experimentally concentrated
near low masses.

Considering that mm interaction effects have
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been reported in the low m mass region several
times in the past, "we present our ~m mass spec-
trum in Fig. 4 in bins of 10 MeV/c' since our
experimental resolution is between 5 and 10
MeV/c for a zv mass near 450 MeV/c'. The
spike consisting of ll events at M(mm) = 450 MeV/
c' with a width less than 10 MeV/c' is compat-
ible with the resonance claimed by Goldzahl
et al. ' A similar plot for the breakup reaction
dd-dpnw'm in which the mv system is not re-
stricted to a T = 0 state does not show any en-
hancement at this mass value. Considering the
low statistics available, however, we refrain
from drawing any dramatic conclusion in this
matter until we obtain more data from a forth-
coming exposure at a higher incident momentum.
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PRODUCTION OF THE I- MESON IN THE FINAL STATE K p -K w'v p AT 4.6 GeV/c*

M. Aguilar-Benitez, V. E. Barnes, f D. Bassano, S. U. Chung, f. R. L. Eisner, E. Flaminio,
J. B. Kinson, R. B. Palmer, and N. P. Samios

Brookhaven National Laboratory, Upton, New York 11973
(Received 4 May 1970; revised manuscript received 8 June 1970)

Evidence is presented for production of the L meson (M=1745+20 MeV and I'=100+50
MeV) in the reaction E p —E Tt+z p at an incident momentum of 4.6 GeV/c. It decays
mainly into E z+~, of which {20 +20) % goes via the E(1420)m state. No significant evi-
dence is found for E(890)z, E~, Ep, or Eq decay modes. We do not observe Ewz thresh-
old enhancements for arbitrary K~ mass selections.

The first evidence for a strange meson with
mass about 1780 MeV, called the I. meson, de-
caying into the Kmm final state was presented by
the Aachen-Bonn-CERN-London (I.C.)-Vienna
collaboration studying K p interactions at 10
GeV/c. ' These authors observed the decay of
the I. meson into several modes, namely, K(890)v,
K(1420)m, Kp, Kur, and Karl Subsequ. ent to this,
several experiments' have also reported obser-
vation of the L meson. Recently a Lawrence
Radiation Laboratory (LRL) groups has reported
evidence for a Km m structure at a mass similar
to the L meson but with a much larger width than

previously observed. The only decay mode ob-
served in this experiment was K(1420)v. How-

ever, their observation of low mass enhance-
ments in the E~7T spectrum associated with any
Km mass selection suggests that a large fraction
of their effect may be kinematical in origin. In
this Letter we report observation of a narrow L
enhancement in the Kvv final state produced in

K p interactions at 4.6 GeV/c. We observe a,

large non-K(1420)m decay mode and do not ob-
serve low-mass Kmm enhancements for arbitrary
Kw mass intervals. We therefore favor the reso-
nance interpretation of the L enhancement.

The data for this analysis come from a 150000-
picture exposure of the Brookhaven National Lab-
oratory (BNL) 80-in. hydrogen bubble chamber
to a separated K beam of 4.6-GeV/c momentum.
The main reaction of interest for this study is

K p-K v'v p.

A total of 5415 events fit Reaction (1) (four-con-
straint hypothesis) with a X' probability &1'%%uo and
measured ionization (from the BNL flying spot
digitizer) consistent with the kinematic identifica-
tion. This corresponds to a sensitivity of about
4 events/tabb. In Fig. 1(a) we display the K m'm

effective-mass spectrum with the b, "(1238) [de-
fined as 1.12 «M(pw') ~1.34 GeV] removed. A

large Q enhancement (1200-1500 MeV) is clearly
evident, as well as a significant effect in the I.
region. The solid curve represents the result
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