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In the present paper the asymmetry of the angular disiribution of secondary particles
in 60 GeV zr-p interactions is investigated. In particular, the influence of the use of the
ultrarelativistic transformation on the obtained value of the asymmetry parameters of angular
distribution is estimated.

The angular distributions of secondary particles in m~-p interactions with primary
energies 16 GeV and 60 GeV are compared.

A simple approximate method of transformation of the angular distribution from
the lab-system to the CM-system in the case of unknown masses and energies of produced
particles is presented. The method is tested on 16 GeV n~-p and 67 GeV p-p data.

1. Introduction

In a number of papers published by the Alma-Ata, Budapest, Cracow, Dubna,
Moscow, Sofia, Tashkent and Ulan-Bator Collaboration [1, 2, 3], an asymmetry of the
angular distributions of secondary particles in 60 GeV n—-p interactions registered in emul-
ston has been reported. This asymmetry is seen as an excess of particles emitted forwards
in the pion-proton CM system.

However, in order to estimate the significance of the asymmetry of angular distribu-
tion in the discussed experiment, one should take into account some facts which can
considerably influence the obtained values of the so-called asymmetry parameters.

As masses and momenta of secondary particles were not measured, the approximate,
ultrarelativistic transformation of the angular distribution to the CM-system was applied:

BCM
log tan - = log tan 6, +log y. )

which is obtained under the assumption fi, = By where 0, — emission angle of particle
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in the lab-system, 8.y — emission angle of particle in the CM-system, B, — velocity of
the CM-system with respect to the lab-system, By — velocity of particle in the CM-system,
1

T -y

There is a risk that the application of the ultrarelativistic transformation may produce
an artificial, unphysical asymmetry of the angular distribution. In many papers dealing
with proton-proton interactions in emulsion at energies ranging from a few GeV up to
30 GeV (Winzeler et al. [4], Meyer et al. [5], Marzari et al. [6], Barbaro-Galtieri et al. [7],
Lohrman et al. [8]) a small asymmetry of the composite angular distribution of all particles

Te

0
in log tan —Z—M = log tan 0, +log y. variable was also observed, although the symmetry

in the CM-system in this case is obvious. The same has been found in the recent studies
on the 67 GeV p-p interactions (Alma-Ata, Cracow, Dubna, Leningrad, Moscow, Tashkent,
Ulan-Bator Collaboration [9]).

Therefore, in the following chapters, we shall discuss the exact relation between log

Ocm .
tan 6, and log tan E3 variables.

Then, using the experimental material of 16 GeV n—-p interactions in the two-metre
HBC at CERN, gathered by the Aachen—Berlin-Bonn—-CERN-Cracow—-Warsaw Collabo-
ration [10], we will try to estimate the influence of the application of the ultrarelativistic
transformation to the CM-system on the value of the asymmetry parameter. Finally we
will present the CMS angular distributions for 60 GeV n—-p interactions obtained by the
introduced approximate transformation procedure, called the folding procedure. This
transformation is much closer to the exact one than the ultrarelativistic transformation.

2. Influence of the use of the ultrarelativistic transformation on the estimate of the asymmetry
of angular distribution

0
Figures 1 and 2 show the relation between logtan 6, and logtan % for pions

(Fig. a) and protons (Fig. b). The curves correspond to different values of transverse
momentum. They were calculated for two primary energies: 16 GeV (y, = 3.05) and
60 GeV (y, = 5.72). In each figure the curve corresponding to fy = 0.7 is drawn. This
is the conventional limit between the relativistic and slow tracks in the lab-system. (For
the details of the calculation, see Appendix.)

From Figs 1 and 2 we can conclude the following:

a) the ultrarelativistic transformation formula (1) is a fairly good approximation
for relativistic pions (8. > 0.7), but it is completely inadequate for protons. The ultra-
relativistic transformation leads to the appearance of an artificial asymmetry of angular
distribution which manifests itself as an excess of particles in the forward cone.

b) The correspondence of the exact transformation formula with the ultrarelativistic
approximation is the better the smaller is the emission angle 8y in the lab system, though
it does not improve with increasing energy in the range 16-60 GeV.



83

Lorentz transformation for pions at y =305 Lorentz transformation for pions at Fe=572
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Fig. 1. Comparison of the ultrarelativistic transformation with the exact one. Full curves represent the
exact Lorentz transformation between lab and CMS for different values of transverse momentum. The
curves were calculated from the formula (AS) given in the Appendix, for ¥, = 3.05 (16 GeV), for pions
(Fig. 1a) and protons (Fig. 1b). The dotted line corresponds to the ultrarelativistic transformation formula (1).
The curve fr = 0.7 separates the relativistic particles from the slow ones
Fig. 2. Lorentz transformation for pions and protons at ¥, = 5.72 (60 GeV). For details see caption of
figure 1

A comparison between the ultrarelativistic transformation and the exact one has
been done also on the 16 GeV n~-p HBC data from the Aachen—Berlin—-Bonn~CERN-
~Cracow—Warsaw Collaboration [ 10]. The sample consisted of more than eighty thousand
events with the number of prongs ranging from two to ten. Higher multiplicities were not
considered as they contribute a very small percentage (about 0.1 %) to the inealestic cross-
-section.

For each charged multiplicity all reaction channeis were taken into account.

For each secondary particle, its charge, mass, momentum and the angle of emission
in the lab-system are known here. Thus we can transform the angular distribution to the
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CM-system by means of the exact formulae. On the other hand, we may apply the approx-
imate formulae and then estimate the influence of the approximation on the value of the
asymmetry parameter.

We denote by ng, the number of prongs in a star, by n, the number of relativistic
tracks with ionization less than 1.4 g,;*, where g, is the plateau ionization, and by N, — the
number of slow particles with ionization greater than 1.4 g,. Such a distinction allows
us to compare the results with those obtained by emulsion techniques.

The features of ultrarelativistic transformation are illustrated in Fig. 3, on the example
of the angular distributions of relativistic pions and protons for 4-prong and 6-prong
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Fig. 3. CMS angular distributions of relativistic pions and protons obtained by the exact transformation
(full line histograms) and by the ultrarelativistic transformation (dotted line histograms)

stars in 16 GeV n—-p interactions. The strong influence of protons in producing the artificial
forward asymmetry is clearly seen.
In the further analysis of the 16 GeV HBC data and of the 60 GeV emulsion data,

. 0
we will use as a convenient parameter of asymmetry the median value M of the log tan —;L-!

distribution. For a symmetric distribution the median value equals zero. This corresponds
to the angle O¢y = 90°. The excess of the emitted particles in the forward direction gives
a negative value of the asymmetry parameter M. Very often the median value M overlaps

0 . . . . .
with the mode of the log tan 5 distribution and indicates a system in which there is an

exact symmetry of emitted particles. In connection with the quark model it is customary
to look for such systems (Elbert, Erwin, Walker [11], Ko, Lander [12]).

In Fig. 4 the comparison is shown of the angular distributions of relativistic secondary
particles (n,) in 16 GeV zn—-p interactions transformed to the CM-system in the exact way
and by means of the ultrarelativistic transformation, respectively. One can see that the

! This corresponds to the velocity of the particle in the lab-system fi > 0.7.
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Fig. 4. Comparison of the CMS angular distributions for relativistic particles (ns) at 16 GeV 2—-p inter-

actions, obtained by the exact Lorentz transformation from lab to CMS (full line) and by the ultrarelativ-

istic transformation (dotted line). The numbers of slow particles (Ny,) are also indicated. The vertical broken
line indicates 90° in the CMS

TABLE I
Asymmetry parameters M for a-p interactions at 16 GeV
Hen ! Exact transformation used Ultrarelativistic transformation used
| 1 2
!
2 < —0.20 —0.23
4 —0.09 —0.16
6 —0.03 —0.11
8 , —0.02 —0.11
10 : —0.01 —-0.11

All prongs —0.058+0.001 —0.13640.001
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angular distributions transformed with the help of the ultrarelativistic formula are systema-
tically more forward-asymmetric than those transformed by the exact formula.

It can be seen in Figs 1 and 2 that slow particles in the lab-system (N,) are always
emitted backwards in CM-system. Their numbers are given in Fig. 4.

The asymmetry parameters M for 16 GeV n——p interactions presented in Table I
were calculated always by taking into account all particles, independently of their ionization.

The statistical errors of the asymmetry parameter for each prong number group given
in Table I are less than 0.005.

3. Asymmetry of angular distributions of secondary particles in 60 GeV n—-p interactions

The experimental material discussed here has been gathered by collaboration between
several laboratories on the emulsion stack irradiated by 60 GeV negative pions at the
Serpukhov accelerator (Alma-Ata, Cracow, Dubna, Moscow, Sofia, Tashkent, Ulan-
-Bator Collaboration [1, 2, 3]).

From all events found in the emulsion, 469 n—-p interactions have been chosen by
means of the strong selection criteria [13].

For each event the angles of emission of secondary particles in the lab system, 0;,
were measured. The momenta and the particle masses are unknown, thus the transformation
of the angular distribution to the CM-system using the exact formula is impossible. On the

Ns<03 10 prongs ‘JTL[ ng =403
Nn=?7 20% by, Nh:?

70

0 2prongs

L1

(RO N SR =

l
i
-2 -1 7log tan 9‘“$ - - 0 7 log .‘ar%’
4 prongs 12 prongs i
201 ns=376 aof prong ;LU_L ns =284
Ny =24 ; | o Ny =4

o=l
14 prongs ' ns=98
L |
“ ML Mo
1L
20 ,—JJ .
o P
i
16,18 prongs ! ns=99
s0f i Ny =T
; {_r'
) )
20F ' i
| !
! I
;, 1 [_] h—J‘ ! LxH
]

7 log tan 82“’ -2 -1 0 ! tog t‘U/‘l-GTEN—

Fig. 5. Angular distributions of relativistic particles (ng) at 60 GeV n—-p interactions transformed to
the CMS by the folding procedure described in the Appendix. The numbers of slow particles (Ny) are
are also indicated. The vertical broken lines indicate 90° in the CMS



87

other hand, as was shown in the previous chapter, the application of the ultrarelativistic
transformation to study the asymmetry of the angular distribution is incorrect. Hence
we suggest the transformation to the CM-system using the folding procedure described
in detail in the Appendix. The correctness of this method has been verified on a sample of
16 GeV n—-p interactions. In any case, we consider that this method approaches the correct
transformation much better than does the ultrarelativistic one.

In Fig. 5 the angular distributions are shown of relativistic secondary particles (n,)
in #—-p interactions at 60 GeV primary energy, transformed to the CM-system by means
of the folding procedure. The numbers of slow particles in the lab-system (¥,), emitted
backwards in the CM-system, are also indicated. The corresponding asymmetry para-

TABLE II
Asymmetry parameters M for n~-p interactions at 60 GeV
Folding procedure Ultrarelativistic transformation
Nep transformation used used
1 2

2 —0.44+0.10 —0.54+0.08

4 -0.28 +£0.05 —0.37+0.04

6 —0.2240.03 —0.30+0.03

8 —0.15+0.03 —0.23+0.02

10 _‘ ~0.04+0.03 —0.13+0.03

12 : —0.09£0.04 : —0.17£0.04
14 +0.06 +0.07 —0.06 +0.06

16, 18 +0.03+0.07 —0.05+0.07

All prongs ! —0.142+0.013 ; —0.237+0.013
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Fig. 6. Median value M of the CMS angular distribution zs number of prongs for: @— 16 GeV z-p,
exact transformation; X — — — 16 GeV n—-p, folding procedure transformation; +- -+ - -+ 16 GeV 7-p,
ultrarelativistic transformation; O-—— 60 GeV z-p, folding procedure transformation; A -------
60 GeV a-p, ultrarelativistic transformation. Horizontal bars represent statistical errors
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meters M, calculated for all particles, independently of their ionization, are presented
in column 1 of Table 1I. For comparison, the asymmetry parameters for angular distri-
bution transformed to CMS by the ultrarelativistic transformation are given in column 2.

In Fig. 6 we compare the asymmetry parameters of the angular distributions for
16 GeV n—-p interactions as a function of the multiplicity n,,. The 60 GeV angular distri-
butions were transformed to the CM-system by the folding procedure; to the 16 GeV
interactions the exact transformation was applied. In order to provide a direct comparison,
the asymmetry parameters for 16 GeV interactions obtained by the folding procedure
are also presented in Fig. 6. One can observe that \he values of the asymmetry parameters
of these distributions are still slightly overestimated. This shows that the presented values
of the asymmetry parameter for 60 GeV interactions should be considered as upper
limits.

4. Discussion and conclusions

The analysis of the asymmetry parameters for n~-p interactions (see Fig. 6) leads
us to the conclusion that for a given primary energy the asymmetry of the angular distri-
bution decreases with the increase of the number of prongs. On the other hand, for a fixed
number of prongs the asymmetry increases with the increase of the primary pion energy.

Recently it was shown by Elbert et al. [11] that for 25 GeV n—p interactions the
asymmetry of the angular distribution cannot be explained by the presence of the leading n—,
the distribution of produced pions being also asymmetric.

Elbert er al. [11] introduced another measure of the asymmetry, namely the R para-
meter:

p +BE,

R=———

14 _BsEn

where p* is the CM-momentum of primary particle, E:, EJ are CM-energies of incoming

proton and pion respectively, f is the velocity of the symmetry system in the CM-system.

R gives the ratio of the momentum of the incoming proton to the momentum of the

incoming 7~ in the symmetry system. Under the assumption oy & 1, R is related to our
asymmetry parameter M via B, as follows:

€)

1+5;

M=~ —dlog ——. 3
1log - &)

Thus for high energies where p* » E: X~ E},
M= —%tlog R 4

Elbert er al. [11] have found that for n—-p interactions at 25 GeV, R equals about 1.5.

Taking the value of the overall asymmetry parameter M from Table Il and using the
above equation, we have calculated R obtaining the value of 1.94+0.1 for 60 GeV n—-p
interactions. The error quoted is purely statistical one. The value of R is probably overesti-
mated. The systematic error introduced by using the approximate method of transformation
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of the angular distribution, may be as high as —0.2. This value was estimated on the
basis of the 67 GeV proton-proton emulsion data (see Appendix).

The present analysis is in qualitative agreement with the previous observation of the
Alma-Ata, Budapest, Cracow, Dubna, Moscow, Sofia, Tashkent and Ulan-Bator Collabo-
ration [1, 2, 3] that in 60 GeV n~-p interaction pions are emitted predominantly into the
forward hemisphere in the n—-nucleon CM-system and that this asymmetry is stronger
in events of lower multiplicity. It was shown, however, that quantitative conclusions about
the values of this asymmetry cannot be drawn directly from the laboratory angular distri-
butions on the basis of the ultrarelativistic transformation. Therefore a considerable care
should be exercised when using the present experimental data in speculations concerning
the physical models of the production mechanisms.

APPENDIX
1. Approximate methods of transformation of the angular distribution

In the introduction to the present work we recall the approximate relation of the angle
transformation from the lab to the CM-systems:

HCM
log tan - = log tan 6 +log y, (A1)

derived from the exact transformation formula:

in 6
tan 6, = 0 Tem (A2)
7(cos Ocpm + B/ Bem)

under the assumption B, = Scym-

Equation (A1) is commonly applied in all cases where the identification of secondary
particles and the measurements of their momenta cannot be made.

The transformation inverse to (Al) is of the following form:

sin 6y,
ycos 0~ B./Br) .

Expressing the velocity of the particle f; in the lab system with the use of transverse
momentum p,

m? Bk
B = (? sin? 0L+1> (Ad)

t

we obtain from (A3) and (A4)

t

m? ~%
ctg Ocm = 7. [Ctg 0,8, <_2 +ctg? 9L+1) } . (AS)
P
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This form of the transformation formula is convenient when a comparison with the ultra-
relativistic form (A1) is made, because the distribution of its parameter — the trans-
verse momentum — is well known. Besides, the transverse momentum is Lorentz-invariant
and to a good approximation its distribution for secondary particles does not depend
on the primary energy.

0
Figs 1 and 2 in the text illustrate the relations between log tan y and log tan —gM

calculated on the basis of formula (AS5). Incidentally, it is worth noting that the p, para-
metrization ensures that Ocy is for every p, a singlevalued function of 8, ; this is not the
case when B, parametrization (formula (A3)) is used.

Apart from the ultrarelativistic transfoimation, another approximate method of
transformation is sometimes used based on the relation (AS) assuming a constant value
of transverse momentum — usually the mean value {p,> = 0.4 GeV/c and a pion mass
for each particle. In Figs 1 and 2 it can be seen that for relativistic particles this method
practically does not differ from the ultrarelativistic transformation.

Owing to this, the authors suggest a different method of transformation procedure,
where the CMS angular distribution is obtained from the lab one by folding in the assumed
transverse momentum distribution. Such a method is well justified for a transformation
of the composite angular distributions which contain a great number of particles.

II. Details of the folding procedure transformation of the angular distribution from lab
to CM-system

1. The input experimental data were the log tan 0 values of relativistic particles
in every event.

2. It was assumed that the charged secondary particles consist only of pions and
protons. The assumptions concerning the fraction of protons and their laboratory angular
distribution were the following ones:

a) particle emitted at the smallest angle is a leading proton with probability 0.7 in
case of p-p interaction or a pion with probability 1 in n-p event;

b) slow particles with f§; > 0.7, occurring in events with N, = 1 are recoil protons.
In events with N, = 0, the angular distribution of recoil protons was assumed the same
as the composite distribution of all particles in those events, after excluding the smallest
angle particles;

c) total number of protons per event in each prong number group is 1.4 and 0.7 in
p-p and 7-p interactions respectively. The assumptions 2a, b, ¢ are based on the results
obtained at the lower energies at 16 GeV n—-p [14] and 30 GeV p-p [15] interactions.

3. The following transverse momentum distributions were accepted:

dN
I = p, exp (—p,/0.175), <{p,> = 0.35 GeV/c for pions (A6)
P
dN 2 ,
= p; exp (—p,/0.166), <{p,> = 0.50 GeV/c for protons. (A7)

dp,
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4. As the laboratory angular distributions contained only relativistic particles, a cut
off at low values of p, was introduced. To the criterion f; > 0.7, accepted for relativistic
particles, corresponds the following condition:

p, > p™™ = 0.98 m sin 0. (A8)

The upper limit of p,, also depending on 8, . was taken to be the smaller value of the two
ones:

p, < p™* = min (1.5, p, sin 6,) (A9)

where p, is the primary particle momentum.
5. For each value of log tan 6; the mass and normalization were assigned according
to the assumptions 2a, b, ¢ and then the transverse momentum distribution ((A6) or (A7)

0
was translated into the corresponding histogram in log tan -—;—M variable with the help

of the formula (AS).

Fig. 7 shows, as an example, the distributions obtained by an application of the
folding procedure transformation to the 3 different values of log tan 6 in case of a pion
and a proton.

The method outlined above was tested using the 16 GeV n~-p sample [10] and the
67 GeV p-p emulsion data [9]. In particular, it was tested whether the replacement of the

L

x, =-20 X =-10 x =00

pions

2]
log tan Zev
%, =20 ] gfen 3=
i
~1.0 Q +10 log i‘on%ﬂ

Fig. 7. An illustration of the folding procedure transformation. 3 values of X (= log tan ) are trans-

formed to the CMS by the folding procedure — dashed line histograms, and by the ultrarelativistic formula

(A1) — full line histograms, in case of a pion (upper part of the figure) and a proton (lower part of the
figure). Primary energy E, = 67 GeV

actual transverse momenta by the transverse momentum distribution is a sufficiently good
approximation. In Fig. 8 CMS angular distributions for relativistic pions and protons in
the 16 GeV n—-p interactions, for 4 and 6 prong stars, are shown. In the transformations,
the known laboratory pion and proton angular distributions were used, replacing their
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Fig. 8. CMS angular distributions of relativistic pions and protons in 16 GeV a~-p interactions. In the
transformations to the CMS the formula (A5) was applied, using actual values of transverse momenta
(full line histograms) and the transverse momentum distributions (A6) and (A7) (dotted line histograms)

transverse momenta by the distributions (A6) and (A7). One may observe a very good
reproduction of the actual CMS angular distributions.

In case of the 67 GeV p-p interactions the folding procedure transtormation should
give a symmetric CMS angular distributions. In Fig. 9 the asymmetry parameters obtained
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Fig. 9. Median value M of the CMS angular distribution vs number of prongs in 67 GeV p-p interactions.
The CMS distributions were obtained by using: Q- folding procedure transformation; A--- - -
relativistic transformation

ultra-

by applying the folding procedure are compared with those obtained by using the ultra-
relativistic formula (A1). One may observe a considerable improvement when applying
the folding procedure, however a small forward asymmetry (M < 0) in a low multiplicity
events and a small backward asymmetry (M > 0) in a high multiplicity events is still
visible. The overall asymmetry parameter M (i. e. M calculated for the composite angular
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distribution containing all events) is close to zero and equals —0.0240.01. This value
was used in estimating the systematic error of the overall asymmetry parameter in the
60 GeV =~-p interactions.

Fig. 10 shows the composite angular distribution of relativistic particles at 67 GeV
pp interactions.

Our sincere thanks are due to the Aachen-Berlin-Bonn-CERN-Cracow-Warsaw
Collaboration, particularly to Dr D.R.O. Morrison for permission to use some un-
published experimental data on 16 GeV z~-p interactions.

i
67 Gev pp § ns =4013
all prongs { = 71
200 - [
!
|
t
1
[
l
100 - t
I
i
’[
|
!
L i { i
- -1
2 0 log tan %—"

Fig. 10. Comparison of the composite CMS angular distributions for relativistic particles (n;) in 67 GeV

p-p interactions, obtained by the folding procedure transformation (full ling) and by the ultrarelativistic

transformation (dotted line). The number of slow particles (V) are also indicated. The vertical broken
line indicates 90° in the CMS
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