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1. AZIMUTHAL CORRELATIONS IN INDIVIDUAL EVENTS 

A study of the effects connected with the distribution 
of transverse momentum vectors is of interest to clarify 
the mechanism of multiparticle production. 

For example, angular momentum conservation can lead to 
coplanar particle scattering in space (collinear in the 
transverse momentum plane) . A similar effect can also 
arise from large transverse momenta of two produced centers 
of particle emission. In this case, in addition to azimuthal 
correlations which are due to conservation laws, azimuthal 
correlations of a dynamical nature can appear. 

The expansion of the relative azimuthal distribution 
into a Fourier series was used to study azimuthal correla
tions 11·21. 

The coefficients of the series can be determined for 
each event and can give information about correlations 
in two-particle distributions. 

Let y 1 and y2 be the rapidities of particles 1 and 2, 
p andpT,transverse momenta of these particles, ¢ the 

T1 2 
azimuthal angle between them, p~n)= ..!_. 

3 
da 1) , the density, 

. an d p1d 2 
and s, the total energy squared in the reaction a+ b->1 +2+ ... +n, 
where n is the total multiplicity. Then the integral dis-
tribution ' 

. (n) 1 I (n) (y .... .... -> -> 
f (¢,s) = _( ___ 1) P2 1'y2,pT ,pT. ,¢)dy1dy2 dpT dpT 

n n- . 1 2 1 . 2 

can be expanded to its partial waves 

(n) 
f (¢,s) 

where 

1 
7T 

n 
}; ck cos k¢ . 

k=O 

n TT ( n) 
c k = I r c ¢ . s >cos k ¢ d¢ = 2 < cos k ¢ > 

-TT 

( 1) 

(2) 

(3) 

and c3 = 1. The coefficients C ~ are mathematical expectation 
values of the factors S~ calculated for each interaction 

3 



s~ = 2 ~ ~cf>u 
i ./j n (n-1) 

k = 1 ,2,3 .. . (4) 

Studying the S~ distributions, one can find definite kinema
tic configurations, if they are available , in the trans
verse plane. Let us consider the following configurations 
in an event with multiplicity 4: a) All four particles go 
in the same direction in the transverse plane (one cluster), 
then s1 = 2 and S ~ =2. b) Three particles go in the same 
direction andone,collinearly in the opposite direction, 
then st= 0, s~ = 2. c) Two particles go in the same di
rection and the other two , collinearly in the opposite direc
tion (two symmetric clusters) I then st=-213 and S~=2. 
It can be seen .from this example and from eq. (4) that S~ 
are sensitive to the relative configuration of k clusters. 

Calculations of the coefficients C~ are simplified if 
we neglect energy conservation laws and take into account 
transverse momentum conservation only. An application of 
this approach is shown in paper131, In the framework of 
this modelC~ can be calculated precisely1 11 for the case 
of Gaussian transverse momentum distributions of secondary 
particles. 

For other types of transverse momentum distributions it 
is possible to use an approximate formula 1 11 

2.[ f p da(pT)] 2 

en_ 6 T 
1 -

n(n-1) :,a. [ p~ da (pT) 

where a "' 1/n ·J da (pT ). 
If n =Do + ncb, where n 0 is the number of neutral and 

(5) 

ncb of charged particles, one can determine the mean 
number of neutrals, accompanying charged particles in a gi
ven topological channel, by comparing the experimental 

value of S~cb with the value of C1° calculated by (5). 
A discrepancy between this number and that of neutral de
termined by direct methods indicates a deviation from the 
model considered, i.e., the presence of correlations of 
a dynamical naturen 

The values of s:b can be defined separately for like 
and unlike pairs of particles. 

In the case of like charges 

s"like, 2 ~ cos k¢ ij 
k if,j n (n h/2-1) 

cb c 

For unlike charges 

4 

(6) 

"unlike cos kr/> i · s k = 2 • ~ ____ ::..!.L __ . ( 7) 

i , j "ch n ch 12 
Dlike 0 unlike . . . 

The values of S k and S k should co~nc~de ~f there 
are no dynamical correlations. 

The asymmetry coefficient A "ch defined as 
n h rr rr / 2 rr 

Ac =( J f(c,!>)dcf>-J f(¢)d¢) / Jf(¢)d¢, (8) 
rr / 2 0 0 

where f(¢) is the azimuthal angle distribution of all 
particle pairs, can be calculated by means of S~ch as fol-
lows121 · ---

--
0 ch 

0 ch 2 °ch S 3 
A = - - ( S 1 - ---- + ... ) . ( 9) 

" 3 

And the collinearity coefficient defined as 
nch rr / 4 rr 3rr/4 rr 

B = ( f f(c,l>)d¢ + f f(c,l>)d¢- f f(c,l>)d¢)/ f f(r/>)d¢ (10) 

equals 

s "ch 

0 3rr/4 rr/4 0 

~cs"ch 
" 2 

nch 

s6 -+ .. . ). --
3 

2 . SPHERICITY AND PLANARITY IN INDIVIDUAL EVENTS 

(11) 

For each event an axis (principal) is determined with 
respect to which the sum of the transverse momenta squared 
~pT. of all charged particles is minimal . With this aim 
~a sy'inmetric tensor T wi th elements 1 41 

T a{3, ~ ( 0p{3 p ~ _ pa p(3 ) 
i I I I 

(12) 

{3 
a .... 

a, • 1, 2, 3 and pi are the components of pi for each event) 
is calculated and diagonalized. In this way we obtain three 
eigenvalues At , A2 ,A3 with the corresponding eigenvectors 

.... .... .... 
e 1 , e 2 , e3 

The eigenvalues Ai represent the sums of transverse mo
menta squared with respect to the three corresponding axes. 

Let us consider an example, where A3 < A 2 < A 1 . Then the 
axis e 3 associated with A3 is the reconstructed principal 
axis, and the .Principal . plane of the event is determined 
by the vectors e3 and e2 (see fig. 1) ., Sphericity S is 
defined by 2 

3Aa 3. ~ p Ti 
S = = --1

---. (13) 
A 1 +A 2 + A3 2. ~ pi2 5 



e1 

BEAM 

e3 L:::::::~~..L__-

Fig. I . System of "principal axes": e3 is the principal 
axis; axes e'3 and e2 determine the principal plane. 

The direction of the beam particle with respect to the sys
tem of the principal axis is determined by polar andazimuthal 
angles <">Band <I>B(fig. 1). 

The alignment of events in the plane of transverse mo
menta can be detected with the h e lp of planarity P.The quan
tity P is defined, in a similar way as sphericity, in the 
space of transverse momenta: 

2A 2 p ~ -----
,\ 1+ A 2 

(A2 < Al). (14) 

If A1» A2.the alignment is present and P~O. And when A 1->.2 , 
there is no alignment and P -1. 

3. EXPERIMENTAL ·DATA ANALYSIS 

The present 
elastic events 
obtained in an 
Ludmila. 

6 

analysis has been performed for- 25000 in
of charged multiplicities 2,4,6,8 and 10 
pp~experimentat 22.4 GeV/c using the HBC 

The events were processed using geometrical reconstruc
tion programs MDTHRESH and HYDRA geometry. Details of the 
data processing have been published earlier 1 ~1 Afl particles 
unidentified by ionization were taken to be rr-mesons. 

3.1. Azimuthal Correlations 

We have studied the distributions of S~(k~1,2,3)for charged 
multiplicities 2,4,6,8 and 10 for all charged particles and 
for like and unlike pairs of particles. 

These distributions do not show any irregularities cor
responding to the cluster production in the sense of the 
above discussion. Therefore, below we discuss only the mean 
values of s~ chI s~llke and s;unlik'Presented in Table 1. The 
mean values of S ~ch do not practically· differ from zero; 
later on S~chwill not be considered. 

According to the kinematics of the process, IS~like I and 
IS~unlike 1 decrease with increasing multiplicity. However, . 
ISnlike I falls much slower, and the difference between IS 1n1Jke 
abd IS ~unlike I achieves 0, 129±0,016 for nch ~ 10 although it 
should be always equal to 0 if dynamical correlations are 
absent. The coefficients S~ like and S 2nunlike are not very dif
ferent from zero. In order to make sure that the observed 
difference between like and unlike distrihutions is not 
due to the presence of lead~ng particles, we exclude events 
in which there is at least one particle with I xl > 0.5 (x ~Pt his). 
In order to eliminate the possible effect of identical 
particle interference 161, we also exclude the events with 
particle pairs from the region qT < 0.2 GeV/c andq 0<0.07 GeV/c: 
(where q~(q 0 ,q T) ~ p 1 - p2 is the difference of the particle 
4-momenta, and q T is the component of if perpendicular to 
the particle pair momentum p1 + p2 ) . The results are presen
ted in Table 1. After excluding these events, the difference 
between S'tlike and S ~unlike vanishes for multiplicity 10. 
However, the difference ~S is not changed, within errors, 
for multiplicities 6 and 8. So it can be concluded that the 
interference effect is not the only mechanism responsible 
for the observed difference ~. 

In fig. 2 we show the 
meters A nlike ' A nunlike ' 
to formulae (9) and (11) 
which are small. 

asymmetry and collinearity para-
B nlike , B nunlike calculated according 
neglecting the terms S ~ch ( k;::, 3 ) 

We have calculated the number of neutral particles 
according to formula (5). In this case we use the approxima
tion of the experimental transverse momentum distribution 
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in Table 2*. This table also shows the numbers of neutrals 
determined as a sum of the mean number of TT

0 
, K0 

, K0 
, A 0 

and A0 in this experiment18 1 . The calculated values of no are 
close to the values of n0 from ref. 18 1 only in the case when 
they are determined by S ~unlike .The number no , determined 
by s ~like . is too large to be explained by the n. n contri
bution ton0 . Therefore the mean angle between the transverse 
momenta of like secondaries turns out to be smaller than the 
value cr in eq. (5). 

An evidence for a similar effect has been also obtained 
in PP interactions at 28.5 GeV/c 1 31 (note that in ref: 3(n17o> 
was taken from the rr- p experiment at 25 GeV/c 1161 ). However, 
as we can see from Table 2, the difference observed in our 
reaction is more significant. 

3.2. Planarity and Sphericity 

The mean values of planarity Pnch and sphericity· Snch 
versus multiplicity are shown in fig. 3. 

It is seen that both values increase with increasing 
multiplicity. 

The dN/ ctpnch distributions for different multiplicities 
are presented in fig.4. ThePnchdistributions in events 
generated by cylindrical phase space 1 91 with < p~> from our 
experiment are presented for comparison in the same figure. 

As the contributions of different channels are unknown, 
the P

11
ch distributions were generated for different channels 

in each multiplicity** , and P 11 ch was found to be slightly 
dependent on the type of reaction (except, perhaps, events 
with 4 charged particles). The dashed regions in ~ 
show the limits of the changes for the dN/ dPnchdistributions 
for different generated channels in fig. 3. From figs. 3 

*It should be noted that formula (5) is slightly sensitive 
to the Pi spectrum shape. For one exponent in (15) . we get the 
coefficient rr/ 2 instead of 1. 538 in ( 16) . To check for~u}a 
(16), the dN/dS~ch distributions were generated by FOWL 

7 
for 

multiplicities 6 and 8 with the number of neutrals no=2. 
T\e mean values of S6

1 and S~ obtained for generated events 
(S 1 FOWL'S~ FOWL) do not disagree with those calculated for 
the same value no by (16) (S~MODE'L'S~MODEi)~(S~FOWL= 

6 8 8 
=- 0.205± 0.007, S 1 MODEL= -0.219, S1 FOWL -0.163 ± 0.010, S

1 
MODEL =-0.171). 

**For example, for nch=8 the channels pp ... 8rr4rr 0 ,8rr3rr0 , 

8rr2rr0 ,8rr,pp6rr4rr0 ,8rr2rr0 fin, pp 6rr, p- n7rrrr~ were generated. 
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of generated event s versus multiplicity. The curves are 
drawn by hand. 
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Fig. 4. Planarity distri
bution for multiplicities 
4,6,8 and 10. The shaded 
region shows the boun
daries inside which the 
value of planarity ge
nerated for various 
channels is changed. 
Each channel is norma
lized to the total 
number of events of 
a given topology. 

and 4 one can see that the experimental distributions do 
not coincide with the distributions of generated events. 

Table 3 presents the mean values <Pnch> , <Pn c~* and their 
difference exp gen 

t. P =< Pn ch> - < Pnch > 
gen exp (17) 

Note that a positive value oft.P may indicate a tendency 
to the alignment of partic les in the transverse plane. We 
al so note that t.P depends o n multiplicity very weakly. 

I n order to e liminate the influenc e of leading protons 
and antiprotons, we exclude the events with p rotons and 
negative particles with x > 0.66 because the latter are 
mostly antiprotons. We also exclude the events with particle 
pairs with near momenta where the Bose-Eins tein interference 
effect becomes apparent 16 1 (Qo < 0.1 GeV/c and q T< 0. 2 GeV/c)~* 

Table 3 presents t he mean values of planarity for t h e 
remaining - 10000 events. Within errors, these value s for 
charged multiplicities 8 and 10 coincide with those obtained 
for our total statistics. For charged mult iplicities 4 and 
6 they are slightly smaller. 

To decide whether the alignment is due t o the presence 
of one particle with large transverse momentum, we have 
determined the mean values of pT (maximum transverse mo-
mentum in the event) and the meaWa~alue of<pT > (average 
transverse momentum in the event) for two types of events: 
with pnch .::;0.24.andPnch> 0.8. The results presented in Table 4 
show that the presence of one particle with large transverse 
momentum is not responsible for the alignment although the 
average transverse momentum for events with P nch ~ 0.24 
is larger than <I>;> for those with pnch > 0.8. 

Figure 5 presents the cos® 8 distributions for 4- and 6-
prong events. As is seen, the distribution becomes wider 
with increasing multiplicity*~* The cos® 8 distribution for 
4- and 6-charged particles is well described by the distri
bution 

dN = ~exp[-a1 (1-cos® )]+~::!:..exp[-a (1-cos® )] (18) 
d cos ®8 I 1 B I 

2 
2 B ' 

where I 1 andi2 are normalization integrals. 

*In order to determine the mean value of <P;e >,we take 
into account our preliminary data on exclusive c~annels 1 101 

**These effects are not considered in the used Monte 
Carlo calculations 191 • 

***Distributions for 8- and 10-prong events are not presented 
because of poor statistics. 13 
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The values of the fitted parameters are given in Table 5 . 
The $B-distributions for multiplicities 4 , 6,8 and 10 

(fig. 6) show anisotropy increasing with multiplicity. The 
anisotropy means that the beam particle tends to lie in the 
principal plane (see fig. 1) . 

The presence of such alignment disagrees with the re
sults obtained from simple models for particle generation 
by cylindrical phase space only 19 1 . A similar anisotropy 
has been observed in K+p reactions at 32 GeV/c1 111 

CONCLUSIONS 

The following conclusions can be made: 

1. Azimuthal correlations in pp interactions at 22.4 GeV/c 
have been observed, and they have been found to be due 
neither to conservation laws nor to the presence of leading 
particles. The interference effect of identical particles 
is responsible only for a small part of the observed dif
ference between like and unlike distributions. 

The difference between the model values from eq. (5) and 
the experimental data turned out to be larger for like par
ticles than for unlike ones. This fact means that the ob
served correlations are not connected with the presence 
of resonances. A similar effect has been found in PP colli
sions at 9.1 GeV/c 112 1. 

2. There is an indication of particle alignment in the 
transverse momentum plane.This alignment is practically inde
pendent of multiplicity.Decrease of the alignment with multi
plicity has been observed in K-p collisions at 8.25 GeV/c 1 13 1 

and in 11p collisions in a momentum range from 4 to 25 Gev;d.141 

The alignment in pp interactions at 205 GeV/c 1151 has not 
been observed at all. The alignment in our experiment is 
connected neither with leading particles nor with the inter
ference effect caused by Bose-Einstein statistics. 

3. The cos ElB distribution is fi tte.d by two exponents. This 
can be explained by the presence of two different types of 
mechanisms: nonannihilation (exponent with large slope)1 111 

and annihilation (exponent with smaller slope) ones. The 
part of processes with smaller slope is larger for nch=6 
than for nch = 4. 

4. Disagreements with the isotropy are found in the 
distributions of the beam azimuthal angle $B . Such anisotropy 
can appear, e.g., in the case when a large total angular 

16 

mome n tum i s bui lt up from re l ati vely s mall (i.e., a l most 
parallel) angular mome n t a o f secondary partic les . 
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