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Angular Correlation Between Pions in Six-Prong E'-p Interactions at 12.7 GeV/c
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The angular correlations between pions have been observed in the six-prong interactions
of 12.7-GeV/c K+ with protons. These effects have been compared with the other pion data
produced with different primary particles at different energies. The influence of the pro-
duction of N* and K* resonances on these angular correlations is investigated.

Goldhaber et al,.' observed a significant differ-
ence in the distribution of the c.m. system angle
between the pairs of pions of the like and unlike
charges in pp annihilation at 1.05 GeV/c. Since
that time similar differences have been observed at
various momenta of the incoming P and for differ-
ent pion multiplicities' ' in the final state. Sim-
ilar effects have been observed in n'p interactions
at 4 GeV/c, ' 5 GeV/c, ' and 8 GeV/c,"w p interac-
tions at ll GeV/c, ' and 16 GeV/c in pp interac-
tions'0 at 10 GeV/c; and in A'p interactions" at
5 GeV/c. Goldhaber et al. ' observed that the aver-
age angle for pairs of unlike pions is greater than
that for pairs of like pions and they explained this
(GGLP effect) as due to the effect of the symme-
trization of the pion wave function required by
Bose-Einstein statistics. They proposed to inves-
tigate the energy dependence of the effect and later
it was found" to be in strong disagreement with the
predictions of Goldhaber et al. '

The observed effect depends rather strongly on
the details of the interaction mechanism. In the
calculation of Goldhaber et al. ,

' resonance produc-

tion was not taken into account and it was ob-
served" that in low-multiplicity events the p me-
son strongly affects the observed difference of y'
and y" in pp annihilation where y is equal to the
ratio of the number of pairs with opening angle
greater than 90'to that with opening angle smaller
than 90' in the center-of-mass system. For pairs
of pions with like and unlike charges we write y",
y, y', respectively. It has been found that (i)
y" &y for primary m' and (ii) y &y" for pri-
mary n . The effect has been attributed possibly
to the "leading pion" which plays an important
role when the incident energy increases.

To the best of our knowledge, the mn angular
correlation has not been observed with primary
K' mesons in its interaction with protons at ener-
gies greater than 8 GeV/c. We present here evi-
dence for such a correlation in K'P interactions
at 12.7 GeV/c with six prongs, i.e., K'p
-A"p2w+2v . All events used here made a 4C (4-
constraint) fit. Those events in which more than
one hypothesis made a fit were identified either on
the basis of ionization measurements (whenever it

TABLE I. Values of the y parameter for different pairs of particles in the reactionK P
K+P2x 2x

Frame of
reference

Target-projectile c.m. system

y =Ng/Ng
Resonances not

removed
Resonance N*++ '

removed
Resonance K*0

removed
Resonances N*++

and K*0 removed

y(x+ m+ )

y(mx)
~L(~a ~k )

~~(x'~ )

)

yQ+m )

v(P&')

y(px )

1.95+ 0.42

1.23+ 0.25

1.54+ 0.23

1.22+ 0.12

1.19+ 0.14

1.47+ 0.22

1.17+ 0.17

1.92+ 0.29

1.62+ 0.48

1.02+ 0.29

1.28+ 0.20

1.10+ 0.16

0.99+ 0.23

1.20+ 0.28

3.53+ 0.99

1.95+ 0.51

1.72+ 0.42

1.23+ 0.29

1.45+ 0.25

1.19+0.14

1.09+ 0.36

1.43 + 0.33

1.19+0.27

1.51+ 0.35

1.19+0.41

1.06+ 0.36

1.12+ 0.27

1.0 + 0.17

1.02+ 0.22

1.60+ 0.39

2.09+ 0.53

2.23+ 0.57
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was possible) or on the basis of the hypothesis
which gave the lowest lt' fit values (generally y'
~ 15). There were approximately 8% misidentified
events due to the difficulty in distinguishing be-
tween K' and w' tracks. The E 'p reaction is par-
ticularly suitable for a study of produced pions
and the distribution is free from the "leading-par-

ticle" effects. In this paper, we present evidence
for such a correlation, with six-particle produc-
tion from 12.7-GeV/c K'p interactions in the 80-
in. BNL hydrogen bubble chamber with 80000
pictures. "

ln Figs. 1(a)-1(c) are shown the distributions of
the c.m. opening angle between the momenta of
like (v'v', v v ) and unlike (v'w ) pions, respec-
tively, in the reaction EC'p-K'p2m'2m . The the-
oretical curves are due to the predictions of the
multi-Regge model by Chan et al. ' (CgA model—
solid line). The values of the parameter have been
calculated for the pairs of pions with like charges
(w'w', m w ), i.e., y~ is defined as

y =N /N~

and for pairs of pions with unlike charges (n'w ),
l.e.,

y
U ~U/~ U

where N„and N~ are the number of pairs with an
opening angle I9, greater than 90' and less than
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FIG. 1. Angular distribution in the c.m. system be-
tween (a) two positive pions, {b) two negative pions, and
(c) positive and negative pions. The solid curves are
the predictions of the CgA model;

FIG. 2. Distribution of the production angle in the
c.m. system for the (a) outgoing proton, and (b) out-
going kaon. The solid curves are the predictions of
the CIA model.
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90', respectively. The y values are given in Ta-
ble I. The distribution for like positive pions
(m'm') tends to be more peaked in the backward
hemisphere. This feature is different from what
has been observed in other multi-pion final states
in antiproton-proton annihilations and in large
multiplicities of pion-nucleon interactions.

In order to investigate the possible source of the
effect, we study the peripheral production which
is strongly indicated by the angular distributions
of the outgoing proton and kaon. In Figs. 2(a) and

2(b) are shown the angular distributions of the
proton and the kaon in the c.m. system. The dis-
tributions are strongly peaked forward and back-
ward for kaons and protons, respectively, at
small scattering angles. The proton and kaon ex-
hibit the well-known leading-particle feature of
high-multiplicity events. The multiperipheral
Reggeized model (CgA} qualitatively reproduces
the angular distribution of the proton and E'.
The angular distributions for the pions exhibit
both forward and backward peaking in the c.m.
system which is shown in Figs. 3(a) and 3(b) for
m and n', respectively. A major cause for this

peaking is the abundant resonance production of
1f+ + and K+0 whichis are peripherally produced
and yield decay products which result in strong
forward and backward peaks. They may thus in-
fluence considerably the distribution of the angles
between the pion momenta. This we can see in
the angular correlation between kaons and pions,
between protons and pions, and between pions and

pions with and without the presence of the reso-
nance as shown in Table I. We can see in this ta-
ble that the y values for K'm and pm' are affected
when E*' and N*" are removed, respectively.
However, the values of y for K 'm' and pn remain
the same when EC*' and N*" are removed, re-
spectively. The mass cuts used for resonances
N*" and IC*0 were 1.12 ~ M (pn'} ~ 1.36 GeV and
0.84 ~M(K'm ) «0.94 GeV, respectively. In the
presen.' reaction, since the percentage of N*"
production is larger than the E*, this effect can
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FIG. 3. The angular distribution of (a) m and (b) n+

in the c.m. system.
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FIG. 4. Angular distribution in the c.xn. system be-
tween two pions after the removal of resonances: (a)
two positive pions, (b) two negative pions, and (c)
positive and negative pions.
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TABLE II. The values of the parameter A for different particles at different primary energies.

Lab momentum
(GeV jc) Reaction A -A Reference

16

0.008+ 0.04

0.12 + 0.02

0.03 + 0.09

0.00 + 0.06

-0.11+0.7

0.00+ 0.03

0.15+ 0.06

0.23+ 0.03 0.04+ 0.04

0.26+ 0.01 0.09+ 0.02

0.18+ 0.03 0.05+ 0.04

0.10+ 0.04

0.19+ 0.05

0.17+ 0.02

0.13+ 0.05

0.08+ 0.03 -0.02+ 0.02 0.06+ 0.03 -0.08+ 0.04

10

1.6 0.38+ 0.04 0.09+ 0.05

0.10+ 0.02 0.08+ 0.02 0.02 + 0.03

0.29+ 0.06

10

3.25

3.5

5.7

7.0

0.39+ 0.13 0.44+ 0.20 -0.05+ 0.24

0.44+ 0.08 0.38+ 0.01 0.06+ 0.08

0.36+ 0.07 0.39+ 0.07 -0.03+ 0.10

0.20+ 0.08 0,38+ 0.13 -0.18+ 0.15

5.0

12.7

12.7

0.08 + 0.04

0.32 + 0.19

0.04+ 0.04

0.10+ 0.12

0.20+ 0,02 0.06+ 0.04

0.10+ 0.06 0.21+ 0.11

0.14+ 0.04

-0.11+0.12

(resonances
N*++, K*0
removed) 0.10 + 0.21 0.03+ 0.18 -0.01+ 0,08 0.06+ 0.13 0.07+ 0.15

be seen in the corresponding correlations with and
without the presence of N*" resonance. If we re-
move the events with N*" and K*', we see in
Figs. 4(a)-4(c) that the angular correlation be-
tween m'm', w m, and m'm becomes more iso-
tropic. The effect of the background which is re-
moved with the resonances is negligible on the
angular correlation. The corresponding values of
y's are also given in Table I. We find that the
resonances have a very dominating effect upon
the angular correlations and after the removal of
these resonances, the values of y and y for pions
are very close to one another within the statistics.
The estimated 8@ of the events in which K' and
n' were misidentified would not affect the conclu-
sions drawn from Table I.

We introduce an asymmetry parameter A. de-
fined" by A = (N„—N~)/(N„+ Ns) = (y-1)/(y+ 1) and
A~ and A refer to the angular distribution of pion

pairs of like and unlike charges, respectively. In
Table II, we have summarized the values of the
parameter A.",A, and A.

' for m'p, pp, pp,
and K'p interactions at different primary energies
without the elimination of the resonances except
in the K'p interaction at 12.7 GeV/c. We find that
the difference A~-A~ decreases when c.m. ener-
gy increases, in disagreement with GGLP predic-
tions. ' In the present experiment, the difference
A~-A~ is practically zero for events without the
presence of resonances.

We also looked at the correlation angle between
the pions without the removal of the resonances
as a function of the difference (~p) between the
momenta of the pion pair. We find that the angu-
lar correlation is very small for pairs when both
pions have similar values of momenta, and rela-
tively it increases with the increase in the rela-
tive-momentum (b,p) values which is in disagree-

TABLE III. Values of the y parameter in the rest frame of all pions.

y =Ng/Ny

Resonances
not

removed

Resonance
N4++

removed

Resonance
Kw0

removed

Resonances
N*++ and K*0

removed

2.65+ 0.33
2.01+ 0.19

2.05+ 0.44
1.90+ 0.29

2.12+ 0.38
1.83+ 0.22

2.10+ 0.47
1.99+ 0.34
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ment with the predictions of the statistical model
as proposed by Goldhaber et al. ' For isolating a
possible influence on the mv correlation of periph-
eral emission of secondary particles in resonance
production one should investigate the experimental
distribution of the pion-pair angles not only in the
over-all c.m. system, but also in the c.m. system
of the four pions where the resonance effect is
better seen. These values are shown in Table III
with and without the presence of resonances. The
values without the presence of resonances are
close to one another, which shows that resonances
are responsible for the angular correlation be-
tween the pions.

Our results in Tables I, II, and III clearly ex-
hibit the effect of the presence of resonances in
the angular correlation between the like and un-

like pions. The influence of Bose-Einstein sta-
tistics plays a negligible role in the interaction
studied here as there is no difference between the
distribution of c.m. opening angle for like (w'm')
and unlike (w'w ) pairs when the resonance effect
is taken into consideration.

Thus we see that a careful examination of the
influence of resonance production and kinematic
effect are necessary when studying pion-pion cor-
relation in hadron-hadron interactions.
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is also grateful to Research Corporation for par-
tial financial help.
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