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ABSTRACT

Data, obtained from p-p collisions at centre—of-mass energies between 31 and
63 GeV, are presented on correlations between momentum analysed forward ﬂ_, K
and ; and charged particles observed in an omnidirectional hodoscope. The data
show that significant correlations are present over the whole rapidity range for
all three types of negative particles. The dependence on various kinematic
variables suggests a cluster mechanism for the production of particles. In this

picture, pions would be produced in clusters emitted in the fragmentation region

while K and 5 emanate from non-leading clusters.
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Results from' a study of the correlations between dherged partio1ES:and
momentum-analysed T , K and p produced in pp collisions at the CERN Intersecting
Storage Rings (ISR) are presented.

The apparatus consisted of a small aperture magnetic spectrometerl) YCERN—

’vRome group) and a counter hodoscope systemz) (Pisa-Stony Brook group) covering
‘ nearly the complete solid angle. The angular‘correlations between the negatively
‘charged partlcles detected in. the spectrometer.and: the. over—all distribution of

;charged secondarles observed in. the hodoscope were.: studled for centrerof-mass:

energ;es Vs of 31, 45, 53 end 63,GeV,

. The magnetic spectrometer detected negatively charged particles emitted at
essential_ly_Oo with respect to one.of the two colliding beams.: The solid angle was

AQ = 4 usr, the momentum acceptance was Ap/p & %127 and the momentum resolution
about 1%Z. Particles were identified by. four threshold Cerenkov counters and their

" trajectories determined by means of twelve planes of multiwire proportional cham-
bers. The range of secondary partlcle momenta detected in the spectrometer cor—
responded to 0.4 < x < 1, where k

' x = p/py
is the ratio of the secondary particle momentum p to the primary momentum p,.

The hodoscope system consisted,of.lerge arrays of detectors (about 350 scin-
tillation counters) covering about 80% of the full solid angle around the collid-
ing beams region. - TInelastic collisions were detected with an efficiehcy of =

“about 977, The counters were subdivided in SUCh*e“Wéy'eS'tO‘measure’the;poier
angle of charged secondaries in 43 independent bins: " The' minimuin aﬁgle which’
could be detected was about 10 mrad. = Since the hodoscope system measured only
‘emission angles and not particle momente,'the‘date'ere:presented"ih'terﬁs of the

variable.

where 6 1s deflned as the polar .angle w1th respectito. the proton .beams. . Positive

n corresponds to partlcles emitted .in the hemisphere : :containing -the ‘spectrometer

and negatlve n to partlcles emltted in the opposite hemisphere.: The 'maximum *

value of n attalnable was 5 3. For the angular .range. accepted by -the ‘hodoscope

the varlable n is to a good approximation equal to the rapidity
-1 B | -
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as (m/PT)2 << 1. 1In Eq. (2) m is the mass, and P_ and PT are, respectively,

L
. the longitudinal and transverse momentum components of the particle.

The rapidity y of the spectrometer particle is determined by ité angle and

momentum. Its relation with the variable x is given by

Yo "V lnx 3)

fln(/;/m): is the maximum allowed fapidity'of a particle

f S>> )
or p m, where Ynax
of a . given mass.  For x > 0.4, it follows that Yoax - y £ 0.9, and therefore the

spectrometer particle always belongs to the so-called fragmentation region.

Correlations between the spectrometer particle and any particle detected by
- the hodoscope will be expressed in terms of the standard two—body correlation
function- -
a. d%c/dndy
in

where Oin is the total inelastic cross-section; y is used for the spectrometer
and n for the hodoscope. For a fixed y in the spectrometer, R(n) can be written
in terms of the observed counting rates as
AN T.
(M /T

R(n) = ANO (n)' / 'T—o -1 , A D . . (5)

where the subscripts denote the two different trigger conditioms: - trigger (c)
required a coincidence between one particle in the spectrometer and at least one
chargedvpa:ticlg_in each hemisphere of the hodoscope; the only requirement for
the unbiaaed trigger (q) was the presence of at least one charged particle in

. each hemisphere of the hodoscope system. In Eq. (5) TC and Ty are the total num—
ber of inelastic triggers of the two types indicated, and ANc(n) and ANg(n) are
the number of counts registered by the hodoscope elements in the appropriate n
“bin. R(n) = 0 would correspond to no correiation, a situation in which the
hodoscope distribution is unaffected by the requirement of a particle detected in
.the spectrometer. ° It'should be remarked that the correlation fuﬁction R is
free, to.a.-first approximation, from the corrections (dﬁe’to'finite bin size

and secondary interactions) needed ‘to deduce true particle multiplicitieS‘ffom

‘those ‘observed ‘in-the hodoscope, ‘as only ratios of counting rates are involved.
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The x-dependence of the shape of the correlation function for T was investi-

gated systematically at centre-of-mass energy Vs = 53 GeV. The results are shown
in Fig. la. For values of N in the central region, i.e. In| £ 2, the correlation
“function is smooth but not flat; it exhibits a slope which increases with x.
'This behaviour may be ekpected intuitively, as in the emission of a particle of,
say, 'x = 0.8 there is found to be a depletion of multiplicity in the same hemi-
sphere with respect to that in the opposite. A phase-space calculation by the
Monte Carlo method was méde in order to estimate the effects of energy-momentum
conservatioﬁ‘on the correlation function. Events were generated with a realistic
multiplicity distribution, a transverse momentum cut-off and leading particle be-
haviour. The calculation gives results, shown in Fig. la, with a trend similar to

the observed effect which may, therefore, be partly of kinematic origin.

Fig. la shows that at iarge negative n, R(n) exﬁibits an “enhancement", while
for positivé'n, a bump is found on top of a steadilyldecreasing continuum; both
the bump énd the enhancement are much more pronounced at low x. The bump is
centred at n.» 3.7 and has a full width at half heighf of abouf 1.5 units of n.
The energy dependence ofvthe bump position was studied for T of fixed x = 0.5,
where‘this‘structﬁre is‘verj prominent. As Vs changes from 31‘to 45 and 63 GeV,
the bump moves from n=3.4 tb n = 3.7 and n = 4.1, following very clqseiy the

. shift of the ﬂ—vrapidity which vafies from 4.7 to 5.1 and to 5.4. .

~The x—dependence of R(n) for K at Vs = 53 GeV was also studied and the re-
sults are shown in Fig. lb. ' The statistics for kaons is poorer than for pions.
It may be concluded, however, that for low values of x, the correlation functions
“of T and K - have qualitatively similar shapes, while for high values of x, the
bump’ at positive n which is disappearing for ﬂ-, is, on the contrary, still
present- and perhaps even more prominent for K . In addition .the enhancement

at negative values of n is bigger for large x.

After ‘these general and introductory remarks a more detailed discussion of
the results follows. A considerable amount of data was taken at V; = 53 GeV and
“'fixedx ='0.:4 'to compare the:behaviour of the correlations observed.for‘ﬂ~, K_
and B. On the top -line of Fig. 2, the inclusive correlation function R(n), as
defined by Eqs. (4) and (5), is shown for the three different particles, together

‘with the unbiased n-distribution.

At x = 0.4 the inclusive correlation functions of S are clearly similar to those

of T and K .
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In.order to elucidate the meaning of the structures_obseryed_in_R(nj, a study
. of the semi-inclusive correlation function was made.byvselecting,events,havingva
given total multiplicity of charged, secondaries. The semi—inclusive correlation
function R (n) is defined as previously in Eqs. (4) and (5), where now the 1ndex
' n refers to the subset: of events having a total observed mu1t1p11c1ty equal to.m.
With this definition the multiplicity measured by the hodoscope with trigger con-
ditions (o) and (c) is n and (n-1) respectively. It has to be_noted‘that;the‘mul—
tiplicity distribution observed by the hodoscope contains,oddvas Well'é§\é?§n.g
.values of n, this is a consequence. of losses and. secondary 1nteract10ns.r ‘t‘ |
- The evaluation of the semi-inclusive correlation functions was done. by -
grouping. the events 1n the following intervals of mu1t1p11c1ty.‘ n= - 4= 5’v‘,
= 6-9, n = 10717 and:'n > 18. In Flg 2a the. unblased n- d1str1but10ns of the
. secondarles, as measured by the hodoscope with trlgger (o) at /s = 53 GeV are
shown for these four classes of mu1t1p11c1ty, together w1th the correlatlon

functlons for T s K and p at x = 0.4 in F1gs.42b 2¢, and 2d, respectlvely
- The T data, shown in Flg 2b w111 be dlscussed first. "It is clear that"

both the enhancement "and the bump which are seen in the R(n) functlon at the two
extremes of the 1 range, are malnly 1ow—mu1t1p11c1ty phenomena.’ The 81mp1est
1nterpretat10n 1s that these structures are produced by the events ‘where the’ pro-
ton,ylnc1dent toward the spectrometer, fragments 1nto a rather small number of
particles. The bump at p051t1ve n therefore indicates the presence “of a cluster
‘of ‘particles accompanying the 7 . The enhancement at: negative n, which.appears
-0 follow in size the bump; ‘is, for the events with single fragmentation, a re-
" flection’ of ‘the presence of the bump itself as imposed:by.thewneed,for.balancing
the momentum. - Additional -contributions to this enhancement may come: from double
fragmentation. The initerpretation of the bump,. as a- particle clustering: effect
in the fragmentation region, is -also substantiated by the observation:of the ..

shift with energy mentioned earlier.:

" The ‘prominence of ‘the bump for T at 16w x is easily understood-as-a kine-
"‘matical éffect; “a cluster, resulting from the fragmentation.of one .of .the
incident ‘protons, will- in‘fact alwaYSvcontainfafnueleon:which carries-most.of -the
“&luster momentum, while the ‘pion, on-the average, remains with lower: momentum,
Frbe same kinematieal ‘argument could ‘explain why for kaons; which-have:a.larger
mass, R(n) still shows a bump at positive n for high values of :x. ' The ‘average
mass of the T cluster was estimated by beams of a Monte Carlo calculation from

the corresponding value of n and was found to be about 2 GeV.




"In order to understand the character of the’ cluster, a study was made of the

events with total observed mult1p11c1ty n =4 which include the’ process
PP > App"ﬂ' Tr— . . . . (6)

A large fraction of these events had a hocoscope configuration with one -particle
emitted at very small angles in the hemisphere opposite to the spectrometer and two
particles at rather small angles relative to the T detected in the spectrometer.
A consistency requirement imposed by the balancing of transverse momentum reduced the
sample ‘to about 257, the reJected events most llkely contalnlng one or more neutral
pions. For the remaining events the cluster con51sted then presumably of a (pﬂ m )
system. The effective mass of thls system was calculated by assuming that, of the
two particles detected by the hodoscope‘on the spectrometer‘side, the one emitted
with smaller polar angle 6, was the proton. ~Under this assumption, which a Monte
Carlo calculation has shown to be true for at least 9OZ of the events, the (pﬂ m )
mass was calculated and found to peak around 2 GeV. .The momentum transfer glstrl—
bution of these events had a forward peak with an average slope of v 10 GeV . The
observed slope was found to be a function of the mass of the (pmm) system,and de-
creased from 14 GeV 2 to 8 GeV_zlwhen the mass increased from 1.5 up to 4 GeV. The
integrated production cross section corresponding to reaction (6) is then 0.4 £ 0.2 mb,
where a factor of two has been included to account for the forward-backward sym—
metry. Momentum transfer distributions and the cross-section of the multiplicity

= 4 events are similar to those previously reported3) for process (6) at FNAL and

at the ISR.

An attempt was also made to extract the average charged particle multiplicity
of the cluster by applying the same method") which has been.used to obtain the
central cluster multiplicity from correlation data'in the central region. This
consists, essentially, of determining the height of the bump above the smooth
background and was done by making a linear extrapolation of the smooth continuum
below the structure in the function R(n) It was thus found that the average
charged mult1p11c1ty of the cluster containlng am was about 4 the same value

was obtalned for clusters contalning a K or ‘a p.

It may be concluded that for pions produced in low multiplicity events the
bump in the function R(M) reflects the productlon of a cluster 1n the fragmentation
region of one of the collldlng protons; i.e. of a "leading cluster with baryon
number +1. In the 11m1t1ng case of Very small mult1p11c1ty, when the cluster
corresponds to the (pnm) system, the production mechanism may be identified

with a diffractive-like process. Further support for this is given by the
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distribution of associated particle multiplicities (Fig. 3), which shows that
when a T is detected in the spectrometer the relative probability for observing
events with n = 4~5 is considerably greater than in the unbiased case. Obser-
vationss) of neutron correlations, in an associated experiment, lead to similar
conclusions, in fact, it appears that detection of a neutron or of a m in the
fragmentation region represent complementary ways for demonstrating the production

of leading clusters.

The data on K and 5 production will now be discussed. These events are,
of course, quite rare, the K /n and p/m ratios being only about 6% and 1.5%,
respectively, at x = 0.4 and 0°, The similarity of the inclusive correlation
functions for E and K to that for 7 at x = 0.4, exhibited in Fig. 2, suggests,
without further consideration, the possibility that the production mechanisms
" of K and EIare similar to that of T . An analysis for K and 5 events with
n = 4, assuming that the clusters correspond to (pK+K_) and (pps) systems, gives
cluster masses of 2.5 GeV and 4 GeV, respectively. The differences between the
data for K , 5 and ﬂ—,'shown in Figs. 1, 2, and 3, are, however, considerable and
suggest that the mechanisms involved are different, The differences may be listed

as follows:

i) Fig. 1 shows that the cluster structure for K persists and becomes
perhaps even more prominent with increasing x up to x = 0.8 while

that for ™ does not.

ii) Fig. 2 indicates that, at fixed x (= 0.4), the structure for K and
5 remains prominent for the highest multiplicities while that for

T decreases with increase of n.

- 1ii) Fig. 3 shows a great enhancement (narrow peak) of multiplicity at
low n for ﬂ-, while for K and‘g there ‘is an enrichment at large n

(10-16).

iv) Fig.'Z shows that although the K and 5 exhibit a bump at n 314, for

: multiplicities 4-5, similar to thatbobserved for the m , at n = 0 R(M)
is almost zero for K-,aﬁd 5 while R{n) = -0.8 fqr W_, indicating a
factor of v 5 more in relative particle density in the central region

for K and 5.

g d%¢/dp® for K and p decrease

In addition, the inclusive distributions
much more strongly with increasing x than in the case for 7 , a feature also

. 6
observed at lower energies ).
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The masses of the ciusters>Which are parents to the K and E are not very
high, as the decay particles detected in the hodoscope system appear at small
angles relative to the K or 5 in the spectrometer. Thus, although the forma-
tion of light clusters appears to be a common feature of T , K and 5 production
in the fragmentation region, the facts (i) to (iv) outlined above suggest that
the cluster productlon mechanlsm for K and p 1s dlfferent from that for T .

The frequent productlon of leadlng clusters contalnlng K or p is also rendered
1mplaus1ble by the observat10n7) that the mean mult1p11c1ty in the decay of
leading clusters, of mass M , is essentlally the ‘same as the multiplicity found
in hadron collisions of total energy /s, such that Vs = M . For this condltlon
it is plausible that the relative abundances of the partlcles emltted 1n the
cluster decay should be similar to that in a hadronic production process at the
corresponding energy. This expectation would lead to a relative 5 abundance of

the order of 10‘“, much lower than the 1.5% noted above.

The most approprlate mechanlsm to 1nvoke in the present c1rcumstances,

’ partlcularly in v1ew of points (11), (iii) and (iv) which show that hlgh multi-

p11c1t1es are 1ndeed characterlstlc of p productlon is, then, that hlghly in-
elastlc colllslons produce non—leadlng clusters whlch decay 1nto the heavy

partlcles together w1th a general particle "boil off" in the central reglon.

These non—leadlng clusters may have either zero baryon number (mesonlc
clusters) or negat1Ve baryon number (antl—clusters) The present experlment

cannot declde between the two pos51b111t1es as the other partlcles assoc1ated

with the p are not identified.

As the K correlation patterns are very similar to those for E it is plausible
that the K also result from non-leading cluster decay. Clusters of positive,
negatiue and of zero baryon number could very well contribute to the K production

-observed. With regard to the last possibility, namely a parent mesonic cluster,
it is interesting to note in Fig. 2c, for n = 4-5, a narrow enhancement in the K
correlation function at n = 4.3. This enhancement is consistent, kinematically,
with the decay of ¢ mesons produced at x =~ 0.8 into a KK pair, eath particle
with x = 0.4 and the opening angle between them being small because of the low
kinetic energy available in the decay. If this were so, about 5% of the K
observed at x = 0.4 could be attributed to ¢ mesons produced in the forward

direction at x = 0.8.




To summarize, the following main conclusions are suggested by the data:

a) T produced at 09 in the fragmentation region in low multiplicity events
are the decay products of leading clusters of positive baryon number formed
by a diffractive mechanism; cluster production with emission of forward T

in high multiplicity events is relatively less abundant.

b) p observed in the fragmentation region are often produced‘ih highly
inelastic collisions, in ‘which non~leading clusters, either mesonic
or antl-baryonlc, are formed the p being among the products of the

d1s1ntegrat10n of such clusters.

¢) K also often originate from non~leading clusters formed in highly

inelastic collisions.
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FIGURE CAPTIONS

Fig. 1 :

Fig. 2

Fig. 3 :

The correlation function R(n) at Vs = 53 GeV for m and X detected
in the Sbectrométér with fractional momentum x,‘is plotted as a

function of the variable n.-

“a) R(n) for ™ of x = 0.4, 0.6, and 0.8.

b) R(n) for K of x = 0.4, 0.6, and 0.8.
The broken lines in Fig. la are the result of the phase-space

calculation discussed in the text.

The unbiased n-distributions of the charged secondarigs as measured
by the hodoscope with trigger (o) at /§v= 53 GeV are shown in Fig. 2a.
These distributions ‘have been smoothed and should be regarded as
qualitative. The.cqrrelation functions, at Vs = 53 GeV, for ﬂ_, K
and 5 of x = 0.4 are shown in Fig. 2b, 2c¢ and 2d, respectively. The
top line contains the inclusive, unbiased, n-distribution and the
inclusive R(n) functions. The other lines contain the semi-inclusive,
unbiased, n-distributions and the corresponding semi-inclusive

Rn(n) functions for the multiplicity intervals : n = 4=5, n =~ 6-9,

n = 10-17 and n > 18.

Multiplicity distributions of charged secondéries at Vs = 53 GeV

for the events with a ﬂ_, K or 5 of x = 0.4 emitted in the forward
direction. The distributions are raw data and have not been corrected
for secondary interactions of the produced particles. The fraction

of events with total multiplicity equal to n is shown as a function

of n for the three different particles. The solid line represents the
multiplicity distribution observed with trigger (o), i.e. without

requiring the coincidence with the spectrometer particle.
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Multiplicity Distribution
VS =53 GeV , x=0.4

FIG:3
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