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ABSTRACT

We present a study of the transverse momentum spectrum of 0t produced at
centre-of-mass angles & = 90° and 53° in pp collisions at vs = 23.6, 30.8, 45.1,
53.2, and 62.9 GeV. The experiment was performed with a lead-glass detector.
The data can be described with the usual parametrization p;n f(xT, 6), with
n=7.2 % 0.2, Comparison between the 90° and 53° data further indicates no ap-
preciable dependence on 6, at least for X < 0.3. Two particle inclusive cross-
sections for m’'s produced alongside are also presented, They are observed to
have a dependence upon the transverse momentum of the dipion similar to that of
single particle cross—sections and with the same value of n. Two photon decays
of n mesons are observed between 3 and 4.5 GeV/c transverse momentum with a pro-

duction cross-section half of that of m%'s.
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INTRODUCTION

The spectrum of particles produced at large transverse momenta in pp colli-
sions at ISR energles prov1des an important test for strong interaction theorles.
The or1g1na1 measurements of the CERN~Columbia~Rockefeller Collaboratlonl) were
of the m vspectrum at 90° and transverse momenta above 2.5 GeV/c. They showed a
yleld many orders of magnltude above that expected from the nalve extrapolatlon
of the low momentum spectrum. A large amount of theoretical effort has been de-
voted to the ;nterpretatlon of this process in terms of hard collisions involving
a small number of proton constituents. ‘In such models inclusive invariant cross-—

2)

sections are of the form

3 : .
g 49 « Pl E(x., 0) . (1)
3 T T
dp . v
Here E and p are the energy and momentum of the particle produced, 6 the produc-

tion angle, Py =P sin 0 the transverse momentum and X, 2pT//§, s being the .

centre~of-mass energy.squared. In the absence of any gimension in the basic .scat-
tering process, the power n should be equal to 4. This seems to befalready ex—
cluded by the data Wthh give n in the region of 8 or abovelts’q). Under rather
general assumptlons, Brodsky and Farrar have showns) that n is directly related

to the number N of point- 11ke constltuents taking an actlve part in the reaction

through the relation n = 2(N - 2).

We have made a study of the spectrum of 7’ produced at centre—of*masseangles
= 90°%.and 6 = 53° in pp:collisions at the CERN ISR. The data cover the range
Vs = 23.6: to 62.9 GeV and pT'=-0.5 to 8 GeV/c. The study is part of a more exten-

0

sive investigation in: which: the charged particles associated with the m~ are ob-

&)

served.iin: a: large  streamer'.chamber detector ’. The results for associated part-
icles are’reported'separate1y7).‘ In Section 2 we describe in some detail the
1ead—glass~5erenkov detector used in the present work, with particular emphasis
on aspects: relevant. to the: measurement of inclusive spectra. 1In Section 3 we
present an analysis of. the data in .terms of invariant cross-section. for 70 pro-
duction, but with no attempt at identifying the m’. Resolved photon pairs are
studled 1n uectlon 4, and cross= sectlons for ﬂ and n product1on are obtalned in
11m1ted ranges of transverse momentum. Sectlon 5 is devoted to the study of mo-

mentum correlatlons among neutral pions.




THE DETECTOR

2.1 Configuration

Figure 1 shows the layout of the intersecting beams and associated equipment.
Photons are detected in a lead-glass Cerenkov counter which has been previously
describede). It consists of 61 hexagonal lead-glass blocks, each of inner diame-
ter 13.6 cm and thickness 32 em (15 radiation lengths). The blocks are stacked in
a hexagonal array of approximate area 1 m?. The detector is located at a trans-
verse distance of 1.9 m from the mean beam line, on the side of the intersect
towards which the centre-of-mass of the colliding protons is moving. Two differ-
ent geometries were used, corresponding to mean production angles of 90° and 53°
in the centre-~of-mass system (Fig. 1). The centre of the array is 56 cm below
beam plane, corresponding to an average angle of incidence of the photons on the

glass of 16°.

The acceptance has the same dependence upon transverse momentum in the 90°

and 53° cases, and it covers areas of similar size in the azimuth-rapidity space.

The minimum angle between the decay photons from a 7’ exceeds the diameter
of the array for transverse momenta lower than 0.5 GeV/c, and is less than the
diameter of a single cell above 3.5 GeV/c. The solid angle covered by the detec~-

tor in the centre-of-mass system is of the order of 0.3 sr.

2.2 §Signal processing

Each lead-glass cell is observed with an EMI 9530 phototube which provides
two signals. Anode pulses are analysed in 61 separate 8 bit analogue-to-digital
converters (1 channel corresponds to 40 MeV), while dynode pulses are mixed to
define an energy threshold. Pedestals are found to be stable within one channel
over long periods of time. Anode pulse integration is performed during a 170 nsec
gate, covering more than 907 of the pulse area. This gate is generated from the
linear sum of all dynode pulses through a discriminator set at very low threshold
to avoid time slewing. Another discriminator is used to define the threshold

above which data are collected.

The data on which cross—sections are based are recorded with a trigger which
requires a coincidence between the lead-glass signal and signals from both of two
large scintillator hodoscopesg) located on each downstream arm of the intersection
(Fig. 1). They see more than 907 of the total inelastic cross-section at Vs =
= 53 GeV. We have checked that this introduces a negligible bias on the measure~
ment of inclusive cross-sections by using the streamer chamber triggered on a
pulse in the lead-glass counter, not accompanied by a coincidence between the

scintillator hodoscopes.

o~
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Time-of-flight spectra of the scintillator hodoscopes and lead-glass Cerenkov
signals are continuously recorded, as well as the rates of random coincidences
between these signals., Up to the largest transverse momenta, the contamination

of random coincidences is negligible (Fig. 2).

2.3 Detection of gamma-rays

The shower produced by a photon is usually well contained in a triplet of

)

adjacent cells’’. For a Y pair, where the two photons fall in cells separated by

® decays have

at least one cell containing less than 2% of the total m° energy, T
more than a 507 chance of being observed as resolved pairs between 0.9 and
2.1 GeV/c transverse momentum. Lateral escapes of showers from photons hitting

the peripheral cells reduce the effective area of the detector by 15%.

A one radiation length plate, 2 cm thick, made of a lead-oxide araldite mix-
ture, 1s inserted in the streamer chamber (Fig. 1) to observe converted gamma-
rays in its sensitive volumes). Its shadow covers most of the lead-glass counter.
Two scintillators, tailored to the shape of the lead-glass array and located against
its front face, tag events wherein a charged particle or a photon converted in the
lead oxide plate enters the counter. Converted photons suffer a small energy loss
in the plate. We correct for it by using Y conversion probabilities and electron

8 . . .
energy losses ) obtained in previous measurements.

In a fraction of the events another particle, photon or charged, is detected
in the counter in association with the observed T°, Charged particles deposit an
average energy of 400 MeV in the lead glass. When the extra particle is produced
at less than 6° to the m°, it cannot be resolved from it. The apparent energy of
the m° is then correspondingly increased, and energy spectra have been corrected

for this overlap contamination.

For single photons, and because of the good match between cell size and lat-
eral shower development, the impact is located to an accuracy of *3 cm, smaller

than the cell radius, by using the energy sharing among adjacent cells.

2.4 Energy calibration

The calibration of the energy response of the detector is of central impor-
tance in the present work since the spectrum is such a rapidly varying function
of Pr- In spite of the presence of 1.5 m thick iron blocks on each side of the
detector to provide shielding against radiation, we observed a deterioration of the
glass transparency of 30 to 40% over the year during which the experiment was per-
formed. This mostly occurred during beam stacking or at the occasion of machine

studies.

Before installation each block had been calibrated in a 1 GeV/c electron beam

at the CERN Proton Synchrotron.
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"lATeyStem of iigﬂt'diodes installed on the front face of the lead-glass array
was used to maintain the energy calibration throughout the experiment. Each glass
cell shares three diodes and each diode illuminates three cells. While the method
monitors occasional gain shifts of a few diodes, it does not distinguish between
a common gain drop of all cells or of all diodes. In addition, the geometry and
frequency spectrum of the light emitted by a diode differ from that of a shower.
We have assumed that these difficulties could be ignored. We therefore feel it
to be important to check the validity of the energy calibration via other methods,
which we briefly ﬁention. |

i) To eheck the relative cell calibrations we have used a reference light
source, made of 2*'Am imbedded in a small NaI crystal. The method suffers similar
geometric and spectral weaknesses as the light diode calibration, but the con-

stancy over time of the light output reference is good.

ii) Samples of events enriched in 70 decays with resolved gamma pairs have
been frequently collected by means of a special trigger mode requiring two non-

converted photons with energies greater than 1 GeV to be observed in the lead-

glass detector. Throughout the experiment, the invariant mass distribution of the .

pairs. (Fig. 3) is found constant within #1.5%.

iii) We have used a 10 cm thick iron absorber located behind the counter and
follewed by scintillators to select events with a muon traversing the glass. For
cells_traversed ever their full length, namely at an angle of less than 15? to
the exisfefvthe cell, this permits calibration against the known response to
muone? .

iv): A-further check of the relative calibration of each cell is provided by
the distribution of cell population above threshold over the counter area. The

method is sensitive:to small gain shifts due to the rapid fall-off of the energy

spectrum, .

The agreement between the various methods is always better than 57, a figure

which we retain as the uncertainty on our energy scale.

A good 11near1ty of the energy response is essential in the present experi-
ment. The phototube response to a 11ght diode was found to deviate from 11near1ty
by 2 to‘3Z at 6 GeV equivalent. A lead-glass cell, equipped w1th its phototube,
has beeh'teste& at DESY in an electron beam with energies ranging between 0.5 and
6 GeV. At 6 Gev the response wes found to deviate from linearity by about 47‘
Bearlng in mind that a m° of energy E sp11ts into two gammas of energies evenly
distributed between O and E, the energy deposited in the lead-glass will be correct
within 37 up to 8 GeV. Also, since the energy from a single photon shower is

usually deposited in several cells, the phototube non-linearity is unimportant.

R
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The electron beam test at DESY also revealed a non-linearity towards the low-
energy end of the response curve. Measured energies were found smaller by approxi-
mately 100 MeV below 1 GeV. This observation is confirmed by a comparative study
of T and n mass peaks in identical configurations and from the observation of a

small dependence of the peak position versus energy.

Energies have been corrected for this non-linearity. Lacking sufficient in-
formation on its detailed shape towards low energies as well as on its dependence’
upon glass darkening, an additional uncertainty of +50 MeV is introduced on the

energy scale.

The electron beam test also showed that the energy resolution improves with
energy E with a full width at half maximum following approximately the empirical
law AE/E =~ 0.16 - E(GeV)/100. This form, together with the *3 cm uncertainty on

impact position, accounts well for the observed width of the m° mass peak.

INVARIANT CROSS-SECTION FOR INCLUSIVE 7° PRODUCTION

A total of 7 million events have been recorded, distributed among both pro-
duction angles and the various centre-of-mass energies available from the CERN
ISR. We present an analysis of the data in terms of invariant cross-sections for
inclusive 7° production. We assume that contributions other than from m° are neg-
ligible, an assumption which we shall comment upon later. At higher energies,
where the photons from m° decays are not resolved, we observe the full w° energy.
At lower energies we rely on the single photon spectrum to deduce the transverse

momentum distribution of the parent m°.

For each event, the pattern of energy distribution in the lead-glass array
is analysed and reduced to a number of clusters of connected cells with pulse
heights significantly above pedestal. Two—photon clusters can be resolved down
to a 20 cm separation between photons. On the average an event contains 1.3

clusters, each cluster having more than 907 of its energy in three cells.

In order to enrich the event population towards higher transverse momenta,
different energy thresholds were used during data collection, longer times being
devoted to higher thresholds. In the vicinity of the threshold this procedure
favours events with several photons in the lead-glass counter, each of them with
energy below threshold. Such a bias is avoided by considering only events where
the highest energy cluster (HEC) is above threshold and produces a trigger by
itself.

In order to convert the observed rates from different runs into absolute cross-
sections, we use as monitor a coincidence between two scintillator telescopes

looking at the interaction region at small angles from the downstream proton beams.
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Monitor rates are free from background and accidental contamination. The monitor
has been calibrated to give a measure of ISR luminosityg). It sees a cross-section
rising from 3.0 mb at Vs = 23.6 GeV to 15.0 mb at Vs = 62.9 GeV. We have checked

that data from different runs agree within 4%.

To minimize edge effects, we only retain clusters with less than 807 of their

energy contained in outer cells.

A correction>is.applied to account for chance overlaps with an independent
photon or charged particle. It involves the knowledge of the energy spectrum of
resolved extra ciuéterS, as well as of the ratio between unresolved overlaps and
resolved pairs. The latter is estimated from a sample of fake events built by
superimposing the HEC in one event with the extra clusters in another. The cor-
rection is usually below 107 and is highest in the 2-3 GeV/c range, where the

proximity of the steep low momentum spectrum is most strongly felt.

A model célculation, including geometry as well as effects of finite cell
size, energy resolution and shower development, is used to calculate the probabil-
ity {r(pT, pé) that a T of transverse momentum Py would appear in the detector
as an HEC with transverse momentum pé. This probability function is used to cal-
culate from the HEC spectra the inclusive invariant cross-sections J =
= E(d%c/dp?) (Table 1 and Fig. 4) as functions of transverse momentum Pre In
addition to statistical uncertainties, errors include systematic effects in overlap
corrections and acceptance calculation. Systematic uncertainties of 5% and, in

addition, of *50 MeV/c must be applied to the momentum scale as discussed above.

Within systematic uncertainties, fair agreement is observed with the CERN-

Columbia-Rockefeller-Saclay 90° datalo) of 7 production above 2.5 GeV/c. The

present data are systematically lower than those of the British-Scandinavian

1)

1 + :
Collaboration "of W production below 4 GeV/c.

The invariant cross-sections exhibit several features which confirm previous

. 1,11
observations ’ ).

i) The expression J « e_BpT is inadequate: this is illustrated in Fig. ba,
which shows the logarithmic derivative Beff = -(1/3) (dJ/de) as a function

. -1 -1
of transverse momentum. This drops sharply from 6 (GeV/c) to 1.5 (GeV/c)

or less.

ii) The expression J « p;n has a limited range of usefulness at P above 3 GeV/c
and at the higher values of Vs. This is illustrated in Fig. 5b, which shows

the local exponent n —(pT/J) (dJ/de) as a function of transverse mo-

eff
mentum. The exponent levels off at about 10 for high transverse momentum,

but it is clear that a simple power law dependence is generally inadequate.




,‘/‘\\‘

-7 -

iii) At fixed s, invariant cross-sections, when expressed as functions of Pr and
0, are independent of production angle within errors. This observation had

11)

previously been made at lower transverse momenta for charged particles .

0

It now appears to be valid for m° production up to Pp = 7 GeV/e.

In the framework of hard scattering models it is relevant to comment on the

adequacy of a form
| = " E£Gxyy 6) o R
3—'PT XT, .
This is best investigated by displaying contour lines of equal cross-sections

in the {log X5 log pT} plane. For two such neighbouring lines, corresponding

to cross-sections in the ratio 1:10, we have at any fixed x,_ and 8

T
10 =3 =(pT2Jn
5P PTI

10g 10
—_

log (pTz) - log (pTl) =

Namely, if equation (1) applies, lines of equal cross-sections are equally
spaced in the (log X5 log pT) plane and their spacing is a direct measure of
1/n (Fig. 6).
It is indeed found that this is approximately the case in the domain observed,
. . . . 1 :
with n of the order of 8, in agreement with previous observations ). Towards

the lines tend to become closer together, in qualitative -

4)

higher values of Xq

. . 3 T
agreement with -the higher n value reported at FNAL’ In order to obtain an

average value of n we have used a parametrization:

f(x., 8) = A(8) exp [—B(é)xT + C(0) x;] )

T’
We find that n = 7.2 * 0.2, when we restrict ourselves to transverse momenta
larger than 2 GeV/c. The variation of n seen in Fig. 6 shows that one must be
cautious before drawing definite conclusions concerning the interpretation of n as
related to the number of constituents taking part in the basic hard scattering pro-

5)

cess . In the ISR energy range several such processes may still be at play.

We lastly comment on the angular dependence of the invariant cross—sectiohs;
It has been previously argued by a group at FNAL that f(xT, 0) depends upon the -
single variable x = xT/sin 6 onlylz). This might still be compatible with J being
observed, within errors, to be independent of angle, because J is dominated by the

factor p;n, and f(x., 0) only accounts for smaller variations with 6 and Vs. To

T’
study this question in more detail, we compare the dependence of p’*2J upon Xy
and x in Figs. 7a and 7b, respectively. In the range of the present experiment
(x < 0.3) our data exclude that f(xT, 0) would be a function of the single para-

meter x,




4. RESOLVED PHOTON PAIRS .

~ Between 1 and 2 GeV/c transverse momentum, T° decays can be identified from
the invariant mass of resolved photon pairs. This is the range where the opening
angle of the photons is smaller than the angular aperture of the lead-glass array,
but large enough to produce séparated energy clusters. Similarly, two-photon de-
cays of n mesons [branching ratio (38 * 1)% 13)] can be detected above 3 GeV/c
transverse momentum. The acceptance of the detector is, however, not sufficient

to detect w + 1’y decays.

We have analysed the data in terms of invariant cross-sections for identified
photon pairs. Data reduction proceeds as described in the preceding section. The
" threshold bias cut is now applied to the energy of the pair rather than that of the
HEC. Overlap corrections are less important because they modify the value of the
invariant mass and cause a small loss of events rather than shifting the spectrum
to higher p, values. We have checked that the asymmetry A = (g2 - €1)/ (g2 + €1)
between two photons of energies €, and £;, and with an invariant mass consistent
with the 7° mass, is flat. We require that |A| be less than 0.4 to restrict the
data to a region where the acceptaﬁce can be calculated with maximum reliability.

We perform a background subtraction, which accounts for photon pairs from two
different m°'s and amounts to approximately 60% near pp =1 GeV/c and 207 near

= 2 GeV/c. 30% of this subtraction is added to the final error in quadrature.
0

Pr
We then obtain invariant cross-sections for 7’ production which are compared in

Fig. 8 to those of the preceding section. The present results are usually lower,

on the average by 30%Z. The low-energy non-linearity of the detector affects the

two analyses in different ways. In the former it applies to a single photon
carrying most of the w° momentum, in the latter it applies to each of the two
photons which share the m° momentum rather eveniy. For example, both analyses
would_yield similar cross-sections if the momenta were additionally increased by

70 MeV/c., This would also bring the.data in closer agreement with T cross-sections

below 3_GgV/c?l).

If the 307% average difference between the present analysis and that of the
previous section is attributed to n production, we find that the invariant cross-
sections for inclusive productions of n and 7% mesons should be in the ratio
0.63:1,

~Photon pairs from n decays“are detected in an energy range where the perfor-
mance of the detector is more reliable. They exhibit a clear peak around the n
mass, however above a substantial background (Fig. 9). The data at Vs = 53.2 GeV
and 6 = 90° aré the only ones with sufficient statistics to permit such an analy-

sis. Invariant cross-sections are ‘displayed in Fig. 10 and listed in Table 2.
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4.5 GeV/c) the cross—section has a momentum dependence similar to that of m's,

- 3 - 13 3 1
and a magnitude half as large, in agreement with previously reported results .

,].

detector to detect a w

-9 -

Errors include statistical uncertainties and 30% of the. background subtraction

.added in quadrature. Over the small range of transverse momentum explored (3 to

4)

~Under the assumption, for which we have no evidence, that n and 1° cross-

sections are in ‘the ratio 1:2 over the full momentum range, the T’ cross-sections

-.of the preceding section should be multiplied by a correction factor of the form

I €(pT), ‘where.. E(pT) ‘decreases’ exponentially from 30% at 1 GeV/c to 3% at
5.GeV/c. ' ‘

- MOMENTUM -CORRELATIONS AMONG- NEUTRAL PIONS

We now con51der events with two neutral pions detected in the lead—glass array.

‘Such events prov1de 1nformat10n on momentum correlations among neutral plons produced

- along51de w1th1n the small angular acceptance (0. 3 sT) of the detector.

Data reductlon proceeds along similar lines as before, We select events with

at 1east two energy clusters, of which at least one is above threshold. We apply

. no. constralnt on energy asymmetry, but require the energy clusters of the two

o's to be .more. than two cell diameters apart. Contrlbutrons of 2 photon decays

from a 31ng1e m or n are subtracted with the assumption that n and m° cross-
Sectlons are in the ratio 1:2 everywhere. The knowledge of the acceptance of the
® as a single energy cluster corresponding either to one or

to both decay photons 1s used to reduce the data to two—partlcle invariant cross-

sections and to study the1r dependence upon the ﬂo transverse momenta pr, and pT

dfo
[} — 1
(Prps pT) = BE Ioa3pT

Statistics are-not sufficient to convenlently display ] (PT’ pT) in two
dimensions. We first illustrate the main features of the- dependence of J over
Pp and«péTby requiring ohe of the pdrticles to have a ‘transverse momentum
pl >.3 GeV/e and looking at the transverse momentum distribution of the other. To

T
this. .effect, we compare -

T jf II : '
Jeorr = 3 (pT,‘pT) dpy.
T 3 GeV/e
to the uncorrelated equivalent
I L oy 3 (o) dp!
Junc %in AP J[ 2APp) @Pp >
3 GeV/c

where Oin is the inelastic pp cross-section.
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These cross-sections are displayed in Fig. 11 for 6 = 90° and Vs = 53.2 GeV,

We observe a strong positive correlation, increasing with Pr and pé.' The ratio

R = Jzirr/liic is of the order of 100 at pé " 3 GeV/e, in agreement with previous
observations from the CERN-Columbia-Rockefeller Collaborationls). The situation

is very similar to that observed for correlations between neutral pions and charged
hadronsla). It should be remarked that the very large values taken by the correla-
tion coefficient R partly reflect the rapid decrease of the single particle inclu-
sive yields with P The existence of such a strong correlation is nonetheless

of central importance in understanding the dynamics underlying large transverse
momentum processes. Apart for the n's, which have been subtracted in the analysis,
the invariant mass distribution of the pairs shows no structure within the range
explored here (0.2 to 1.0 GeV/c?). This excludes that the correlation arise from
a 2-y decay of some large transverse momentum object with definite mass. Simple

)

, which describe successfully single-particle

8)

. . . . 1
cross—-sections, fail to predict such large correlations . KS > 270 decays are

. . 17
constituent interchange models

a possible source of correlations. Depending upon the momentum range and the decay
configuration, a part or all of the four decay photons may be resolved and detected.

 produces a single-energy cluster in the lead-glass counter, the in-

Unless each m
variant mass of a cluster pair will be lower than that of the K’. We have calcu-
lated the contribution to 3II of this process under the assumption that KS and

915 were produced in the ratio 1:2. It is found to decrease from v 107 at

T
Py + pé = 3 GeV/c to v 37 at p, + pé = 7 GeV/c. The data are not corrected for

this effect.

It is instructive to sﬁudyvthe dependence of JII (pT, pé) over the total
‘transverse momentum of the dipion, 5T % pp * p{. This is justified by the fact
that JII is observed (Fig. 12) to be only weakly dependent upon P pé. In
addition, if both particles are 'children'" of a same "parent", Py * pé is the
transverse momentum produced in the solid angle of the detector, the analogue of

9)

fixed Pr + pé over py - pé, limiting each transverse momentum above 1 GeV/c to
0

. . . 1 .
pp in the single~particle case . To this effect we average JII (pT, pé) at

avoid important corrections from T + Yy decays. The results are displayed in
Fig. 13 and show a striking resemblance to the single-particle cross-sections. In

particular, <JII (pT, p%)> is observed not to depend upon 6 within errors.

In analogy with the single-particle case, we have attempted to describe data

with a form

<JII > = A (pT + p,i‘)—n exp [-B (xT + xé)] .
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The best fit is obtained with n = 7.1 = 0.5 (pT + pé > 3.4 GeV/c) exactly as for
single-particle cross-sections. The agreement with the data at V5 = 62.9 GeV is

however poor (Fig. 13) and B takes a smaller value than in the single particle case.

CONCLUSION

We have taken advantage of the large solid angle coverage of our lead-glass
detector to study high transverse momentum production of neutral pions at ISR
energies. Our data confirm and extend previous measurements of single-particle
and two-particle inclusive spectra:

i) invariant cross-sections follow approximately a p;n f(x,, 0) law for trans-

T
verse momenta above = 2 GeV/c with n = 7.2 * 0.2. But we have shown, by
presenting our data in the (log Pp» log xT) plane, that there is no clear
evidence for a single value of n describing the data over the whole ISR
energy range; ‘

ii) the scaling function f(xT, 8) shows no appreciable dependence upon 6 in the
range 6 = 53° - 90°, X5 < 0.3;

iii) two-particle inclusive cross-sections show very similar properties, when
expressed as functions of the transverse momentum of the dipion, to that of
single-particle inclusive cross-sections. Such correlations are stronger
than expected from simple constituent interchange models;

iv) we have observed n + Yy decays between 3 and 4.5 GeV/c transverse momentum.

The n production cross—section is about half that of 7°.

Identification of 7% + yy decays was only possible between 1 and 2 GeV/c
transverse momentum. Above this range, we have, in principle, no assurance that

we indeed observed 7's.
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Table 1

Invariant cross—-sections J Z E (dsq/dpa) (mb GeV_2 c®)
~and the corresponding uncertainties AJ (mb Gev™2 )

as a function of transverse momentum pp (GeV/c) for
various values of Vs and © (see Section 3). Uncertain-
ties in momentum scale (a 5% calibration uncertainty
and a 50 MeV linearity uncertainty) are not included.

Table la

Vs = 23.6 GeV,

6 = 90°

Pr 3 Ad

0.70 | 0.823 0.198+10 "
0.89 | 0.222 0.794+10 2
1.08 | 0.103 0.550+10""
1.28 | 0.389:107" | 0.262-107°
1.48 | 0.158°107* | 0.130°107°
1.69 | 0.728°1072| 0.719+10"°
1.90 | 0.324+1072 | 0.369+10 "
2.13 | 0.130°107° | 0.147+10°
2.37 | 0.507-10"°| 0.556:10 "'
2.61 | 0.189+107° | 0.19910™"
2.85 | 0.682°10°% | 0.761+10 °
3.08 | 0.362°10 % | 0.458°107°
3.32 | 0.117+107% | 0.202:107°
3.54 | 0.896+10"° | 0.172°10°°
3.74 | 0.379°107° | 0.102¢10°°
3.90 | 0.194°10°°| 0.729+10 °
4,09 | 0.148+107° | 0.628°10 °
4.34 | 0.308+10°°| 0.301°10°°
4.48 | 0.411+107° | 0.284+107°
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Table 1b

/s = 30.8 GeV

o = 90°
Py 3 A3
0.70 | 0.101+10' | 0.272-10""
0.88 | 0.386 0.174+10 '
1.08 | 0.129 0.868°10 "
1.28 | 0.430+10 ' | 0.384+10 °
1.48 | 0.153°107" | 0.177+107°
1.69 | 0.756°107° | 0.110°10°°
1.90 | 0.340°1072 | 0.589+10 °
2.13 | 0.131°10° % | 0.227+10 °
2.37 | 0.649+10"° | 0.109°1G °
2.61 | 0.295+10"° | 0.447+10""
2.85 | 0.135°10° | 0.179°10 "
3.09 | 0.638:10 ' | 0.764°10 °
3.31 | 0.298-107" | 0.319+10°
3.52 | 0.168+107" | 0.169°10 "
3.72 | 0.875+107° | 0.855¢10°°
3.92 | 0.469+107° | 0.45310 "
4.12 | 0.292¢10°° | 0.309:10°
4.31 | 0.135°107° | 0.169+10 °
4.49 | 0.108°10° | 0.144+10 "
4.67 | 0.503+107° | 0.875°107
4.86 | 0.314-10°° | 0.687°107"
5.05 | 0.293+107° | 0.624107"
5.23 | 0.137°107°% | 0.436+1077
5.41 | 0.241+107° | 0.846°10
5,56 | 0.153+10°° | 0.521°10 '
5.79 | 0.718-10"7 | 0.367°10




- 16 -

Table 1b (cont'd)

Vs = 30.8 GeV

6 = 53°
P 3 A3

0.50 | 0.347-10" | 0.821-10"
0.68 | 0.109-10' | 0.415+107"
0.88 | 0.368 0.232410" "
1.08 | 0.132 0.117+107
1.28 | 0.452:107" | 0.513:10 "
1.50 | 0.174°107" | 0.243107°
1.72 | 0.651+1072 | 0.108+10°
1.94 ] 0.301+10 > | 0.557+10"°
2.17 | 0.129107% | 0.257+10"°
2.40 | 0.566+10 " | 0.106+10 "
2.63|0.261+10 " | 0.465:10 "
2.85[0.116+107° | 0.173-10 "
3.06 | 0.550410"" | 0.739+10"°
3.26 [ 0.313+107" | 0.390+10°°
3.46 | 0.171+10°" | 0.204°10"°
3.65 | 0.771+107° | 0.101+107°
3.82 | 0.450-107° | 0.68510 "
4.01 | 0.219+107° | 0.420°107°
4.19|0.176+107° | 0.355+107°
4.37 | 0.980+107° | 0.258+107°
4.57]0.519:10™° | 0.173-10°

5| 0.299+10™° | 0.140+10"°

4.75
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Table lc

Vs = 45,1 Gev

6 = 90°
3 A3 Py 3 Ag

0. 0.123+10' | 0.409°107" 4.49]0.393+10"° | 0.359-107°
0. 0.400 0.235-10 " 4.68 | 0.274°107° | 0.235+10°°
1. 0.144 0.136°10 " 4.86 | 0.186°107° | 0.158+10 °
1. 0.614+10"" | 0.825-107" 5.04 | 0.127+107° | 0.106+10 "
1. 0.240-107" | 0.433+10 " 5.22 | 0.978-10°° | 0.821+107
1. 0.934:10 2 | 0.214°10" 2 5.41]0.706°10"° | 0.607-10"
1. 0.463+107% | 0.128+10° 5.59 | 0.595+10°° | 0.524+10 "
2. 0.219-10 2 | 0.615+10 " 5.79 | 0.373°107°% | 0.37110 '
2. 0.949+107 " | 0.256+107 " 5.98 | 0.271+10 ° | 0.307+10
2. 0.402°10° | 0.972-10" 6.21 | 0.187°10"° | 0.242-107"
2. 0.218+107° | 0.460+10" 6.40 | 0.116°107° | 0.190-10’
3. 0.125+10 ° | 0.237+10"" 6.60 | 0.116+10"° | 0.193+10
3. 0.673+10 " | 0.109°10 " 6.80 | 0.674+107 | 0.139+10
3. 0.399-10"" | 0.581-10° 7.00 | 0.672+1077 | 0.145+10"
3. 0.236°10 " | 0.30410° 7.21 {0.351+1077 | 0.104+10"’
3. 0.140+10 " | 0.154+10"° 7.39 | 0.453-1077 | 0.122°107"
4. 0.880°10 " | 0.932+10°° 7.65 | 0.238+1077 | 0.818+10 "
4. 0.564°10 ° | 0.550+10"° 7.77 | 0.345¢10"7 | 0.162+10

8.02 | 0.240°10"7 | 0.100+10""
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Table lc (cont'd)

Vs = 45.1 GeV

8 = 53°
Py 3 A3
0.50 | 0.405-10' | 0.987+10
0.69 | 0.129-10' | 0.511-10"
0.88 | 0.454 0.30410""
1.08 | 0.164 0.155:10""
1.28 | 0.661-10"" | 0.797+107°
1.50 | 0.276°10"" | 0.399+10°°
1.72 | 0.868:107% | 0.143+10°°
1.94 | 0.436°10 7 | 0.769+10
2.17 | 0.201°107% | 0.360°10"°
2.40 | 0.910°107° | 0.145°10 "
2.63 | 0.488-107° | 0.710-107"
2.85 | 0.241-107° | 0.281-10""
3.07 | 0.117+10"° | 0.110+10 "
3.27 | 0.657°10" | 0.529+10°°
3.46 | 0.408-107" | 0.287+107°
3.65 | 0.243+107" | 0.153+10°°
3.83 | 0.141°10 " | 0.899-10"°
4.01 | 0.886°107° | 0.601°10 °
4.19 | 0.442°10°° | 0.368+10 °
4.39 | 0.334+10°° | 0.290-10°°
4,56 | 0.218+10 ° | 0.228+10 °
4.76 | 0.131+107° | 0.170-107°
4.94 | 0.733+10°° | 0.132-107°
5.17 | 0.570°10°° | 0.106°10"°
5.39 | 0.444+107° | 0.967-1077
5.57 | 0.300+10°° | 0.790°1077
5.82 | 0.203:107° | 0.675°107’
6.02 | 0.198+10°° | 0.650°1077
6.22 | 0.116+10°° | 0.491+107"
6.40 | 0.124+10 ° | 0.124+10°°
6.65 | 0.881+1077 | 0.522-10 ’
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Table 1d

Vs = 53.2 GeV

=)

8 = 90
Py 3 N
1.28 | 0.732.107" | 0.126+10"
1.48 | 0.315.10° | 0.743.107
1.69 | 0.796+107° | 0.214.107°
1.90 | 10.498.107° | 0.167.107
2.13 | 0.234:107 | 0.805.10°°
2.37 | 0.933.107° | 0.316.107°
2.61 | 0.439:10 ° | 0.137.107°
2.85.| 0.239:107° | 0.665.107"
3.09 | 0.131-10"° | 0.335.107"
3.31 | 0.732:107" | 0.165.10 "
3.52 | 0.427-107" | 0.880.107°
3.72 | 0.254+107" | 0.476-107°
3.92 | 0.151-107" | 0.245.107°
4.12 | 0.993+107° | 0.159.10 "
4.31 | 0.637-107° | 0.945.107°
449 | 0.436-107° | 0.609.107°
4.68 | 0.300.107° | 0.392.10°
4.86 | 0.204+10° | 0.255.107°
5.04 | 0.157-107° | 0.189:10°°
5.23 | 0.110-107° | 0.128+10°°
5.41|. 0.748+107° | 0.856+107"
5.59 | 0.535:107° | 0.617-107 "
5.78 | 0.462-107° | 0.519-107"
5.98 | 0.298-107% | 0.360.1077
' 6.21 | 0.223-10°° | 0.287.10 "
6.42 | 0.206-10"° | 0.270.107" .
6.60 | 0.145-107° | 0.2304107"
6.80 | 0.900+1077 | 0.167-107 "
- 7.00 | 0.887-10"7 | 0.165.107"
7.21 | 0.553-10" | 0.139.1077
7.42 | 0.610+107 | 0.140+107"
7.60 | 0.425-1077 | 0.143+107"
7.81 | 0.365-10"7 | 0.115107"
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Table 1d (cont'd)

Vs = 53.2 GeV

6 = 53°
Py 3 AJ
0.69 | 0.150+10' | 0.591-10 "
0.88 | 0.553 0.368+10" "
1.08 | 0.221 0.206+10
1.29 | 0.681-10 ' | 0.801.107 %
1.50 | 0.298+10 ' | 0.415+1077
1.72 | 0.132:10 ' | 0.21310 7
1.94 | 0.550+10 ° | 0.926+10 °
2.18 | 0.271+10 > | 0.453-10°
2.41 | 0.132+10 > | 0.200+10"°
2.64 | 0.726:10°° | 0.99610"
2.86 | 0.363:10°° | 0.403.107"
3.07 | 0.190-10"° | 0.172+10""
3.27 | 0.107-10"% | 0.815.107°
3.46 | 0.654°107" | 0.421.107°
3.65 | 0.379°10" | 0.202:107°
3.83 | 0.240°10"" | 0.113-10°°
4.01 | 0.154°10° " | 0.677-107°
4.20 | 0.100°107" | 0.423.107
4.38 | 0.659:107° | 0.280.107°
4.57 | 0.435°107° | 0.205107°
4.76 | 0.309+10°° | 0.162.10°°
4.96 | 0.206:107° | 0.124+107°
5.16 | 0.156°10 " | 0.104-107°
5.37 | 0.938:107° | 0.790.1077
5.59 | 0.582+10 ° | 0.601.1077
5.81 | 0.482:107° | 0.548.1077
6.04 | 0.372°10°° | 0.465+10"7
6.20 | 0.315°10 ° | 0.438-10"
6.41 | 0.194°10° | ¢.336+10"
6.60 | 0.115°10°° | 0.261-10’
6.83 | 0.928+1077 | 0.232+107
7.01 | 0.400+1077 | 0.172+10"
7.19 | 0.462+10°7 | 0.179.107"
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Table le

Vs = 62.9 GeV

6 = 90°
P J A
0.70 | 0.123°10' | 0.473°107"
0.89 | 0.480 0.351+10" "
1.08 | 0.163 0.194*10""
1.28 | 0.568°10 " | 0.977°10 "
1.48 | 0.224°10"" | 0.533+10°°
1.69 | 0.965°107° | 0.299+107°
1.90 | 0.464°10 > | 0.179+107°
2.13 | 0.218°10° % | 0.871*10"°
2.37 | 0.109°107% | 0.435°10"°
2.61 | 0.544°10°° | 0.199+10 "
2.85 | 0.286°10 " | 0.937-107"
3.09 | 0.157°107° | 0.472°10 "
3.31 | 0.872+10 " | 0.233°10 "
3.52 | 0.508+10 " | 0.125°10 "
3.72 | 0.302°10° % | 0.682010 °
3.92 | 0.174°107" | 0.344%10 °
4.12 | 0.117+10 % | 0.228°10 °
4,31 | 0.740°10 ° | 0.136°10 °
4.49 | 0.561+10°° | 0.993°10 °
4.68 | 0.381°10 ° | 0.636°10 °
4.87 | 0.261°10°° | 0.444°10°°
5.04 | 0.205°10 ° | 0.352¢10°°
5.22 | 0.150°10 ° | 0.273°10°
5.41 | 0.131°10 ° | 0.236°10°°
5.59 | 0.852+10 ° | 0.173°10 °
5.78 | 0.774°10 ° | 0.167°10 °
5.96 | 0.520°10 ° | 0.127°10 °
6.22 | 0.372*°107° | 0.107+10"°
6.42 | 0.352°10°° | 0.109°10 °
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Table 2

Invariant cross-section for n in-
clusive production at 6 = 90°,
Vs = 53.2 GeV

Pp dn

(GeV/e) (mb GeV_2 ca) .
3.2 (5.4 £ 0.8) x 10"
3.7 (1.2 £ 0.4) x 107°
4.2 (0.5 + 0.2) x 10 °
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Figure captions

Fig. 1
Fig. 2
Fig. 3~
Fig., 4
Fig. 5
Fig. 6
Fig. 7
Fig. 8

-

.

Layout of the intersecting beams and associated equipment. The
lead-glass counter is shown in the 6 = 90° position (full line) and
6 = 53° position (dotted line). In the latter case the phototubes
and auxiliary equipment have been omitted to show the details of

the lead-glass cell stack.’

Time-of-flight distributions between the scintillator hodoscopes

" “on each-atm.(t;) and between the lead-glass counter and one of the
" scintillator hodoscopes (t,) ‘as a function of the erergy of the

- highest energy cluster detected in the array. ‘In-both cases the

peaks are well within the resolving times of the corresponding

coincidences.

A typical distribution of the invariant mass of photon pairs with
the special m° trigger. The curve indicates the ‘background expected
from pairs of photons from two different 7°'s.

0

Inclusive invariant cross—sections for 7' production for various

valués of 8 and V5. The solid lines indicate the data of the CERN-
 Columbia-Rockefeller-Saclay Collaboration  (Ref. 10) ‘and the dashed

~lihe those of the British—ScandinaVian‘Gollaboration‘(Ref. 11).

.. The local slope B .. = f(dJ/Jde),and local exponent n e =

: eff
= -p..(d3/7dp..) as functions of transverse momentum. The curves are
T T

smooth lines drawn through the data. Typical error bars are

The local exponent n is

+0.5 GeV/c—1 for Be and *1 for n of £

ff eff’
not simply related to n in formula (1).

Lines of constant cross—section in the (log x%.., log pT) plane. The

T,
arrow indicates the spacing corresponding to n = 8 (see text).

The expression p%'z E d30/dp® displayed for 6 = 90° and 6 = 53°
versus X (left side) and x (right side). A few typical error bars

are indicated.

Invariant cross-sections for inclusive m° production calculated
from observed T’ > yy decays. The lines indicate the results of

the analysis using single energy clusters.
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Invariant mass distribution of photon pairs produced at 6 = 90°
and Vs = 53.2 GeV for different intervals of the pair transverse
momentum; (a) 3 to 3.5 GeV/ec, (b) 3.5 to 4 GeV/c, (c) 4 to 4.5 GeV/c,
(d) 4.5 to 5 GeV/ec. The lines indicate the contribution from uncor-

related pairs.

Invariant cross—sections at Vs = 53,2 GeV and 8 = 90° for n and 7°

production between 3.0 and 4.5 GeV/c transverse momentum.

Two-particle invariant cross-section integrated over transverse
momenta larger than 3 GeV/c of one of the pions. The lines indi-
cate which values this quantity would take in the absence of cor-

relation.

In order to illustrate the independence of the two-particle cross-
section upon Py - pé, we have divided the invariant cross-section

. . e ]
at the point (p, pé) by its average over p, - pé at fixed p; + py.
The result was found not to depend significantly upon P * pé and

its average value R is displayed versus |pT - pé[.

Two-particle invariant cross-sections for inclusive production of

two m0's, averaged over the difference between their transverse

- momenta p,. - pé; The data are displayed versus the sum p, + pé of

® transverse momenta. The lines indicate the result of the

the w
. . . \-n ; ! 3
fit to the expression A(pT + pT) exp [—B(xT + xT)] with

n=17.14%0,5,

7




o06=6
1V N3IHM

d31INNOD
SSV19 ava

Wv3g-

|H
3d400SOQ0H

L °BL4

3diIX0 av3ai

0€G=0
IV N3IHM

d3INNOD
SSv19 ava

ZH
3d0JSOa0H
2~ SH3IEWVHD
- Y3Wv3us
43INNOD
310114vd
d39YVHD



-

|

1102 GeV

o |

i

e
—

2 t03 Gev

3to4 GeV

4 to5 GeV

5to6 GeV

6 to7 GeV

Tt08 G’er

—

.-

!

[T I |

| 1

R I

-20-10 0 1020

‘tl(ns)

Fig. 2

-20-10 0 10 20 30

t,(ns)




EVENTS PER BIN

500

400

300

200

100




E d%/dp® (mb Gevic®)

10!

oL o
10 \
o\
\
[8)
1 »\ \
10 \ O\
"\\ \\ pep—1la..
\ A o \ o 6 =90°
o] IR W NN )
a7 40:=53°
8
10—3 -
104
10-5 —
108 -6292 GeV
0’
108 s VE =53.22 GeV
R4y (x10)
109 VS = 4506 GeV
-2
30 6 (0
X i
10 ?
+ VS = 3082 GeV
107
10— VS = 2364 GeV
(x107%)
i | | | | | |
0 1 4 5 6 7 8 9
p; (GeVic)

Fig. 4

—




( J.d )“au

G *bL4

(3/A%9) 'd

8 L 9 S Y £ [A | 0 8 L 9 S

L

i

1T 17 17T 1T "1 1 T T 1

N9 TES
= 2p A%9 679
= SA

A99 1GY = SA

799 g0E = SA

A99 9€Z
A99 629 = SA
A29 Z€S
= SA
A9 1'% = SA
A9 80E = SA
A29 9E€Z= SA

(31A29) (*d)*g



9 *bL4

hx
080 090 0%70 020 600 LOO SO0 €00

T T T T ] T L L LR B A

DO~ O W

(5/A99) d



L *bL4

GEO TAY S10 L, Sz0 140)
_ _ | £d _ _
- o o -
o o .
- 4% ¢ + 5 ¢ v + 7]
B <<<oo o° & o« : ]
b— v o O O v —
v. 0 V¥ v o v ]
- v og¥ & +o _%% 4«44 ]
_— vV mo o @ o ) %O o} AWV@ . v p—
o) ﬁoo oo o) o)
A / o) o@o< oY
- ) o .
M «Mu< S OOO‘OAU - %%..«O o
v R 0

_ jwoooo& %, AL L
e 8% | ur%b T
5= v v, °% Qﬁw%

L o 4444 v 4@% . <<<<
_ 006 = B0 v \
L M A 4 v

S00

Ol'o

050

001

4

(dP/o,P 35,0



'E d%/dp® (mb GeV-2c®)

107

1073

107

10°

108

. 90°

53°

VEGeV) |
2364

N2 |
(x107 ) . .

15
P, (GeVic)

Fig. 8

20




PRODUCTION CROSS SECTION

300 4007 500 600 700

' 2

Fig. 9




E do/dp’ (mb Gevic?)

107

1073

TTTT]

VS = 53.22 GeV
8 = 90°
® p+ p»Tl:o*---

O Pep=T +---

30 35 40 45

Ry (Gevie)

"~ Fig.. 10




,// \‘_

Invariant cross section (mb GeV-3c®)

10°°

1077

10°°

10—10

e = 90°

C0C N

VS =532 GeV

Ss GeVic I “( R, P} C‘F).'r

?

-

e (P )de;

1/0 f(p )S

R (GeVic)

Fig.

11




30

20

05

EZ

(O]

"
0
- o
°

i B2 1‘.‘
L | |

rs

-

" |Pr=R?| (Gevic)

'f_;' ; Fig. ]2 i

P




(+"(p, R )) mb’Gevc®

107

10-°

10

108

107

0 0
p¢p¢n1¢n2¢---

© 0 8 =90°
A O =53°

VS =629 GeV

Vs = 56.2 GeV

VS = 451 GeV

Vs = 308 GeV

l | I | | |

3 4 5 6 7 8

( Pr +pr' YGeVic




;
§




