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ABSTRACT

A decay angular moments analysis has been performed on 8500 pﬂ+ﬂ_ events
produced by the interaction of high-emergy protons with nuclear targets. The
analysis was carried out separately for the low-t, coherent events and the high-t,
incoherent events. The moments of the two samples show significant differences

and possible reasons for such differences are discussed.
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INTRODUCTION

One of the basic properties of coherent production on nuclear targets is that
isospin-one exchange, IX = 1, is strongly suppressed with respect to Ix = 0 exchange,
in comparison with production on nucleons!). One can enhance the fraction of coher-
ent events from a nuclear target by selecting events from the region of small momen-
tum transfers, where the differential cross-section is characterized by the nuclear
form factor. In the region of larger momentum transfers, on the other hand, inco-
paper we describe some results of a counter experiment in which both coherent and
incoherent processes were recorded with approximately equal acceptances. One of
the aims of the experiment was to make a comparative study of coherent and incoher-
ent dissociation of protons into low-mass pﬂ+ﬂ_ states (mpﬁ+ﬁ_ < 2 GeV) in proton—-
nucleus scattering at 18.6 GeV/c.

In an experiment studying low-mass pﬂ+ﬂ— production in proton—proton interac-
tions at 12 GeV/c and 24 GeV/c incident momenta?); it has been observed that the
cross—sections for some of the produced spin states of the pﬂ+ﬂ_ system decrease
with increasing incident momentum, Such spin states are most probably produced
through the exchange of secondary Regge trajectories. If some of these trajectories
have IX # 0, then the cor;esponding pﬂ+ﬂ— states will be suppressed in the coherent
event‘sample of our déta as cémpared with the incoherent sample. However, the com-—
poéition of the two samples can also be modified by differences in the momentum-—
transfer depeﬁdence of the elementary production amplitudes for the various‘states,
which somewhat compiicates the interpretation of the data. On the other hand,
comparing coherent and incoherent events produced in the same measurement ensures
that effects due to apparatus inefficiencies and incomplete acceptance are largely

eliminated in the comparison.

The apparatus and analysis procedure of the present experiment have been des-—
cribed elsewhere®). 53,000 triggers were recorded with a C target, 32,000 with an
Al target, 24,000 with an Ag target and 16,000 with a U target. From these, a total

of 8,500 events have been selected with pﬂ+ﬂ_ effective masses below 2 GeV,
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In order to separate an enhanced sample of coherent events, a cut in t! was

applied at a certain value tiim' This value was derived for each target using

the formula

!
lim

2/,

t!, =-0.22 (GeV/c)2+A 3 |

where t/ = t - tmin is approximated by the perpendicular three-momentum transfer
squared, p%, and A is the atomic number of the nucleus. The constant —-0.22 (GeV/c)?
was chosen empirically to ensure that, for each target, the cut was approximately
at the break between the coherent nuclear slope and the incoherent nucleon slope.

This cut divided the sample of 8500 events into two parts of approximately equal

statistics.

In fig. 1 the do/dt distributions obtained with the C, Al and Ag targets are
shown. The curves are fitted with double exponentials in t’, the expressions of
which are given in the figure caption. The values of tiim are indicated by an
arrow in each distribution. In this paper, events with |t’| less than lt{iml will

be referred to as "coherent", and events with |t'| greater than lt{iml as "incoher-

ent",

EFFECTIVE MASS DISTRIBUTIONS

The pﬂ+ﬂ_ effective mass distributions are independent of the target nucleus
to within the statistical precision of the experiment and, in the analysis described
below, we have combined events from all targets. Figure 2 shows the pﬂ+w- effective
mass distributions, corrected for acceptance, for the coherent and incoherent event
éamples, separately. The over-all mass acceptance in the range up to 2 GeV is 347,
varying from 647 at the lower limif to 227 at 2 GeV. The acceptance in t' varies

from 32% to 23% over the |t'| range of 0.0-0.5 (GeV/e)~2,

+ - . . . . . . .
Both pm 7 mass distributions are qualitatively similar to the spectrum ob-
tained from proton targets. They show two enhancements centred at 1.45 and 1.7 GeV.
During the last ten years a great effort?’ *=%) has been made to associate these

enhancements with resonances discovered by phase-shift analysis of formation
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experiments. It now seems to be clear that no simple assignment can be made and
that the correct interpretation must be in terms of the interference of several

partial waves?) ,

The 1.7 GeV enhancement is less pronounced in the coherent (fig. 2a) than in
the incoherent sample (fig. 2b), comparing with the 1.45 enhancement. A tempting
explanation of the difference between the two spectra would be that the 1.7 GeV
region of the incoherent mass distribution contains a greater I = %, component
than 1.45 GeV region. However, experiments on hydrogen“’s) have sho&ﬁ that the
slope of the differential cross-section of the production on nucleons is steeper
at low mass values than at high. Such an effect could account for the differences

between the low-t, coherent, and high-t, incoherent, mass distributions in fig. 2.

The two t’ distributions, obtained with the carbon target in the pﬂ+ﬂ_ mass
ranges 1.35~1.55 GeV and 1.6-1.8 GeV, were fitted separately with expressions con-
taining two exponentials in t’. The values obtained for the exponential slope
parameter of the nuclear coherent peak are 81 * 14 (GeV/c)_z.in the 1.35-1.55 GeV
mass range and 64 * 16 (GeV/c)™? in the 1.6-1.8 GeV mass range. The corresponding
distributions, obtained from measurements with a hydrogen target, have been fitted
with a single exponential in the low~t region, yielding slope parameters of around
14 (GeV/c)™? in the 1.35~1.55 GeV region and around 6 (GeV/c)~? in the 1.6-1.8 GeV
region“’s). In the impulse approximation, the slope parameter of the nuclear co-
herent peak is equal to the‘sum of the slope parameters of the nuclear form factor
and of the eleﬁentary, nucleonic amplitude. The difference in the two slope para-
meters above, obtained from the fits to the nuclear coherent peak, is consistent
with this hypothesis. It is thus likely that the major difference between the two

mass spectra in fig. 2 are due to the variation of the elementary slope with the

+ - .
PT T mass as mentioned above.

. . . + - + -
The mass distributions of the three subsystems pm , pr and m m are shown

for the two event samples separately in figs. 3, 4 and 5. The incoherent distribu-
tions show the same features as those obtained with proton targets, i.e. a very

. =+, . + .
prominent A signal at 1.2 GeV in the pm mass spectrum, a much weaker A? signal
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at the same mass value in the pﬂ_ spectrum, and a broad, smooth i spectrum,

The coherent distributions show the same features. However, in the coherent T
spectrum there is some indication of a peak near the p mass, implying that the co-
herently produced pﬂ+ﬂ- system has a tendency to decay via the pp intermediate
state. There is no such indication in the incoherent e spectrum, nor in

2).

data obtained with a proton target

ANGULAR DISTRIBUTIONS AND ACCEPTANCE CALCULATIONS

In order to obtain information on the spin composition of the two pﬂ+ﬂ- mass
enhancements, an angular analysis has been performed. The distributions of the
polar angle, Bi’ of the normal to the pﬂ+ﬂ_ decay plane and of the polar angle,
ei, of the direction of motion of the pﬂ+ system, both measured in the pﬂ+ﬂ— rest
frame, have been studied., The subscript i is either s or t and indicates that the
z-axis in the pﬂ+ﬂ- rest frame has been chosen to correspond to the s- or t-channel
helicity frames, respectively. In the former, the z-axis is opposite to the direc-

tion of the recoiling target particle; in the latter it is in the direction of the

"incoming proton.

The acceptance correction was carried out in two steps. First each physical
event was rotated in azimuth around the beam direction and the acceptance fraction
determined. The event was then assigned a geometrical weight equal to the recipro-

cal of this acceptance fraction.

In the second step, the event distributions were corrected for regions of
phase space for which the acceptance fraction was zero. Monte Carlo events were
generated according to a model with sequential two-body decays, which has the same
correlated distribution in the masses of the pﬁ+ﬂ- and pﬂ+ systems and the same t’
distribution as the experimental data had after the first step of acceptance cor-
rections. The centre-of-mass distributions of the pﬂ+ﬂ_ > (pﬂ+) + 7 and
pﬂ+ -+ p + nt decay angles were assumed to be isotropic. The distributions of those
Monte Carlo events for which the acceptance fraction was zero were then used to

correct the input mass and t’' distributions of the Monte Carlo program, and the
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whole procedure was repeated in an iterative manner. The method proved -to be con-
vergent and the calculation was stopped when the distributions produced by two
successive iterations differed by less than the statistical errors. The correc-

tions to the angular distributions obtained in this way were, typically, 20%.

In order to investigate if this procedure was significantly dependent on the
shape of the decay angular distributions, the calculations were repeated using a
series of different functions for the decay distributions. The functions used
were power series in the cosine of the decay angles and powers up to six were tried.
It was found that the average correction varies between 15% and 25%, depending on
the shape assumed, a negligible variation in view of the statistical precision of
the data. The corrections obtained using the isotropic decays were found to be
good averages of the corrections evaluated with other angular distributions and
the final data were therefore corrected using isotropic decay angular distributions

in the Monte Carlo program.

Figures 6 and 7 show the cos Bt and cos BS distributions for the pﬂ+ﬂ_ mass
bins 1.45 * 0.1 GeV and 1.7 = 0.1 GeV, respectively. The coherent and incoherent
event samples are shown separately. Figures 8 and 9 give the corresponding plots
for cos et and cos GS. In fig. 10 are shown the distributions of the cosine of
the decay angle of the proton in the decay (pﬂ+) > p + m" measured in the pﬂ+

centre of mass.

An attempt was made to fit these angular distributions to expressions7) that
follow from thé hypothesis that only one spin state‘is present, The result of
these fits was that both the expressions assuming pure spin %, and those assuming
pure spin % fitted the data reasonably well. There were no significant differ-
ences between the coherent and the incoherent event samples in this respect. How-
ever, the hypothesis of a single dominant state of spin 1, could be ruled out for
both samples. The strong assumption about the presence of only one spin state,
which has to be made using this method, constitutes a considerable limitation.

In order to make a more unprejudiced analysis of the angular distributions a mo-

ments analysis has been performed.
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MOMENTS ANALYSIS OF THE ANGULAR DISTRIBUTIONS

The normalized moments (YE) of the angular distributions have been calculated
as the integral from -1.0 to +1.0 of the product of the spherical harmonic func-
tion Y§=°(z) and the measured cos ei and cos Bi distributions. The normalization
is such that (Y)) = 1/V/4m x 0.28.

In figs. lla and 11b are shown the moments of cos Bt and cos Ss, respectively,
over the mass range 1.4 to 1.85 GeV for the coherent and incoherent event samples.
Two signals are seen in the L = 2 moment of the coherent sample, one around 1.5 GeV
and the other around 1.7 GeV. These signals are absent in the incoherent sample
which, however,_shows some signal at the lower end of the mass range. In the

other moments, no strong signals are visible. A weak signal may be present at

1.7 GeV in the L = 6 moment of Bt.

The corresponding plots for the moments of et and 65 are shown in figs. 12a
and 12b. The coherent sample again shows non-zero values for the L = 2 moment in
the 1.5 GeV and 1.7 GeV mass regions. The incoherent sample shows no strong signals
in the s-channel. In the t-channel, however, the L = 2 moment is different from
zero at the same mass values as the coherent L = 2 moment. At higher even L values,
L =24 and L = 6, non-zero moments are seen in the coherent sample around 1.7 GeV.
Also the odd moments, L = 1, L= 3, and L = 5, are non-zero indicating the pre-
sence of several interfering waves. The incoherént sample shows no stronger de-
viation from zero in the s-channel at any L. In the t~channel, however, the high
mass moments are all non-zero. A peculiarity of the moments between L = 3 and
L = 6 is that they appear to be comparatively narrow in mass., The same phenomenon,
i.e. narrow peaks for the L > 2 moments in the mass region 1.7-1.8 GeV has been

observed in proton dissociation into pT at 14 GeV/c ). Evidence for a narrow

"peak in this mass region has also been found in other experiments as noted in

Ref. 5. 1In our case this signal is only visible in 6, moments of the incoherent

sample,




CONCLUSIONS

. . . . . + -
We have studied the dissociation of protons into low-mass pm T states on
nuclear targets for two regions in four-momentum transfer squared: one low-t region,
with mostly coherently produced events, and one high—-t region, with incoherent

events.

The pﬂ+ﬂ_ mass distributions are different for the two regions. Within the
statistical precision of the experiment, this difference can be accounted for by
the observed mass dependence of the exponential slope of the elementary nucleon
diffraction dissociation cross-sections. In the mass spectrum of the T sub-
system there is some indication that part of the coherently produced pﬂ+ﬂ— system
decays via the pp intermediate state. There is no such indication in the incoher-

ent case,

A moments analysis of the decay angles of the produced pﬂ+ﬁ_ system has given

the following results:

i) Using the normal to the decay plane as analyser in the s— and t-channel heli-
city frames, L = 2 moments were found in the coherent data around mass values
of 1.5 GeV and 1.7 GeV. Corresponding moments could not be found in the in-

coherent data.

ii) TUsing the direction of motion of the pﬂ+ system as analyser, L = 2 moments
were found above 1.5 GeV for the coherent data in both the s~ and t-channel
frames. For the incoherent data L = 2 moments were only observed in the
t-channel frame., Above 1.6 GeV higher moments from L = 3 to L = 6 were found
in the coherent event sample, indicating several interfering higher spin states.
In the incoherent sample, a narrower peak in the 1.7-1.8 GeV region was ob-
served in the t-channel for the same moments L = 3 to L = 6. Such a narrow

structure has also been reported elsewheres).

In the 1.5 GeV mass region only the L = 2 moment is non-zero, which is compa-
tible with the presence of a system with spin J = % . The many higher moments pre-
sent above 1.6 GeV indicate the presence of several partial waves of different

parity and it is probable that one of the interfering states has a spin higher
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than %, i.e. % or possibly 5. Results from an evaluation of data?) obtained
with a hydrogen target, in which enhancements are seen at the same pﬂ+ﬂ_ mass
values aé in our data, indicate that an important fraction of the events in both
mass peaks is in the % spin state and that the remaining fraction of the lower
mass peak is 5&+ and that of the higher 5Q+ and §Q+. The presence of these states
in both the coherent and the incoherent part of our data, obtained with nuclear
targets, is certainly possible. However, the moments analysis shows that there
are gi

nificant differences in the distribution of the angular momentum states

between the low-t, coherent event sample and the high-t, incoherent event sample.

There are several phenomena that can contribute to such differences, one being
that the coherent mechanism suppresses the I # Y, component of the produced system
in the low-t region. The contribution of particle states with I # Y, and definite
spin will therefore only appear in the incoherent momenﬁs. Another reason for
differences is that the production amplitudes for the various spin-parity states
have different t-dependences. It has been concluded from data?) obtained with
hydrogen targets that there are differences between the exponential slope para-
meters of the various states produced and this will thus cause differences in the

contribution of these states to the low-t and high-t samples.

The detailed explanation of the differences be;ween the angular distributions
in the two t’ regions is beyond the scope of this experiment. However, it seems
likely that further high-statistics experiments with nuclear targets measuring the
angular distributions of both coherently and incoherently produced mass systems
could be of value in trying to disentangle the nature of the low-mass states ob-

tained in high-energy proton dissociation.

This experiment has been carried out at CERN using the 28 GeV Proton Synchro-
tron, with financial support from CERN, The Swedish Atomic Research Council, and
the Science Research Council of the United Kingdom. We would like to thank the
CERN-Munich group for having put their spectrometer at our disposal. It is a
great pleasure to thank our experimental colleagues, A.J. Herz, F.F. Heymann and

G.J. Lush, for their help in the data-taking phase of the experiment.
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Figure captions

Fig., 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

The distributions of the differential cross—section, integrated over

all masses, obtained with the C, Al and Ag targets. The arrows indi-

'
lim

double exponentials obtained in fits to the data:

cate the t values for each case. The curves are the following

(C) (130 *+ 30) x [exp(67 * 13) x t' + (0.29 * 0.09) X
x exp(10.1 * 0.7) x t'] mb/(GeV/c)?.

(A1) (510 + 110) x [exp(132  21) x t' + (0.13 £ 0.03)
x exp(11.0 + 0.3) x t'] mb/(GeV/c)2.

(Ag) (1200 * 300) x [exp(247 + 56) x t' + (0.15 £ 0.04) X

x exp(12.4 % 0.2) x t'] mb/(GeV/c)?2.

Mass spectra of the pﬂ+ﬂ- system for (a) the low-t, coherent and

(b) the high~t, incoherent event samples.

Mass spectra of the pﬂ+ subsystem for (a) the coherent and (b) the

. + -
incoherent pm T events.

Mass spectra of the pﬂ_ subsystem for (a) the coherent and (b) the

. + =
incoherent pm T events.

Mass spectra of the T subsystem for (a) the coherent and (b) the

. + =
incoherent pm T events.

Distributions of the cosine of the polar angle B of the normal to the
pﬂ+ﬂ- decay plane in the pﬂ+n_ mass bin 1.35-1.55 GeV: (a) in the
t—-channel helicity frame and (b) in the s-channel frame. The upper
plots are for the low-t, coherent events and the lower ones for the

high-t, incoherent events.

The same as fig. 6 but for the mass bin 1.6-1.8 GeV.




Fig, 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12
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The same as fig. 6 except that the angle is the polar angle 6 of the

pr direction of motion.

The same as fig. 6 except that the angle is the polar angle of the

pT direction of motion 6 and that the mass bin is 1.6-1.8 GeV.

The cosine of the polar angle of the direction of motion of the pro-
ton in the pﬂ+ centre of mass in the pﬂ+ mass bin 1.1-1.3 GeV:

(a) for the pﬂ+ﬂ_ mass bin 1.35-1.55 GeV, and (b) for the pﬂ+ﬂ_ mass
bin 1.6-1.8 GeV. The upper plots are for the low-t, coherent events

and the lower ones for the high-t, incoherent events.

The spherical harmonic moments, (Yi), of the normal to the decay plane
as functions of the pﬂ+ﬁ- mass from 1.40 to 1.85 GeV: (a) in the
t-channel and (b) in the s-chamnel. In each case the left figure is
for the low-t, coherent events and the right ome for the high-t, in-

coherent events.

. . . . +
The same as fig. 11 but for the direction of motion of the pm system.
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