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INTRODUCTION

Relativistic nuclear physics is a rather new field of re-
search, so it is only natural that quite a number of methods,
approaches, and aspects of investigation came here from had-
ronic physics and are succesfully applied.

This work may be considered as a direct example of such
succession since, on the one hand, asymmetry of charged par-
ticle production is the traditional subject of investigation in
meson-nucleon collisions at high energies while, on the other
hand, the analysis of an analogous phenomenon in interactions
of nuclei with unequal masses permits one to obtain important
information on multiple production mechanism in nucleus-nucleus
c0111s1ons. Experlmental results on forward—backward asymmetry
of »~ meson emission in d, He and !2C interactions with !8l7Ta
nuclei at 4.2 GeV/c per nucleon are given in this paper.

A method we put forward here enabled us to estimate the
target—-to-projectile ratios of the numbers of interacting nuc-
leons. This method is based on the phenomenon of pion emission

asymmetry.

1. EXPERIMENTAL DETAILS

The data were obtained from exposures of the 2m propane bub-
ble chamber to the beams of d, 4He, and 12C nuclei at the inci-
dent momentum of 4.2 GeV/c per nucleon from the Dubna synchro-
phasotron. The target consisting of three tantalum plates ! mm
thick was placed inside the chamber. In more detail the expe-
rimental arrangement and data handling procedure are described
in refs./1-¥/,

When scanning, all negative particles, except identified
electrons, were considered as n -mesons. The contaminations by
misidentified electrons and negative strange particles do not
exceed 57 and 17, respectively

Corrections were made for the loss of »~ mesons produced
at small angles with respect to the target plane or to the
optic axes of the objectives /6/,

Multiple »~ production was studied in the reactions

Ap+Ta-»rr‘+X, : i [@h)
where A, = (d, 4He, and !2¢).
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. ; Table 1
yumbers of .events and »~ meson average multiplicities
in (d,He,C)Ta interactions at p/A =4.2 GeV/c .

Type of ‘
interaction ¢ T@ He Ta C Ta
Ny 1507 868 1227
Ny 0.90+0.06 1.640.1 3.4+0.2

Table | gives statistics for different types of interactions
used for the analysis and the »~ meson average multiplicities/7/

2. FORWARD-BACKWARD ASYMMETRY OF »~ MESON EMISSION
IN COLLISIONS OF LIGHT NUCLEI WITH TANTALUM

Tbe c?efficient of forward-backward asymmetry of #~ -pro-
?uctlon in reactions (1) was determined by analogy with that
in meson-nucleon interactions at high energies aa

Kp_p=(Np=-Ng)/(Ng +Np), 2)

where Np and Np are the numbers of #~ mesons produced in the
forward and backward hemispheres of the nucleon-nucleon center-
of-mass system (NN CMS), respectively,

. The obtained values of the coefficients Kp_p are presented
in Table 2. The K_p values for »~ mesons with p, > 0.7 GeV/c
are also given here. This sample of data was usedltg search for
a possible dependence of »~ meson asymmetry on the transverse
momentum of these particles. It is seen from the data of Table 2
that there is a substantial backward asymmetry (Kp_pg< 0)

for negative pion production in d,He and C collisions with
tanta}um nuclei at 4.2 GeV/c per nucleon. This is true both for
all m~ mesons produced in reactions (I) and for »~ mesons with
relatively large transverse momenta at our energy* (see Table 2).
Pres?nqe of such negative asymmetry of =~ meson production in
collisions of nuclei with unequal masses is an effect to be
expectgd.But up to now there are no published data analogous to
thoge in Table 2. It should be noted that qualitatively this

*For reactions (I ~ /6/
nucleon. (h Di2-= 0.24 GeV/c at 4.2 GeV/c per
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Table 2

Forward-backward asymmetry coefficients of the n~ —distri-
butions versus longitudinal rapidity in the NN cMS.

Type of P
interaction d e e s o
Kp.B 0.64+0.02 =0.5340.02 =0.35+0.02
all p,
Xp-B -0.6+40.1  =0.740.1 =0.410.09

p, 0.7 GeV/c

effect may be easily explained in most of the existing models
for nucleus-nucleus collisions (e.g., see refs./8:9.:10 ), and
as a matter of fact such asymmetry means that the average number
of interacting nucleons from the target, v,,1s greater than

that from the projectile, v,.

At any rate the forward-backward asymmetry of negative pion
emission, as it is in our case, or, in general, of charged
particles is sensitive to the difference in the numbers of par-
ticipant nucleons from the colliding nuclei and hence it may
serve as a measure of such a difference. This question will be
dealt with in section 3.

Let us consider now the A dependence of the asymmetry. As is
seen from Table 2 and Fig.l, the absolute values of Kp_pg fall
with the increasing atomic mass of the projectile. This tendency
is not so clearly pronounced for the set of the data which
consists of »~ mesons with p > 0.7 GeV/c, but the errors are
too large here. In both cases the data are well described by the
power-like function

IKF_B|sc.Al;), : 3)

where € =0.83+0.04, b= -0.35+0.03 with x’/N.D.F.=0.76 for
all »~ mesons produced in reactions (1) and €=0.80+0.02, b=
=-0.24+0.14 with x*/N.D.F.=1.1 for =~ mesons withp >0.7 GeV/c.
In the latter case the error of the exponent being rather lar-
ge, the result should be considered only as an indication of
weakening of the dependence of =~ meson emission asymmetry on
the projectile atomic mass with the increasing transverse mo-
mentum of the particles. To compare high - p =~ production with
inclusive »~ production, we also looked at the dispersion va-
lues of respective y* distributions (y* is the longitudinal
rapidity in the NN CMS). The results are presented in Table 3.
As is seen from Table 3, all the dispersion values of the v
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: Table 3
Dispersions of the m~ distributions versus longitudinal
rapidity :
Type‘ot
interaction d Ta He Ta C Ta
D(y")
all 0.644+0.025 0.675+0.025 0.614+0.014
p,]_ e b -
*
D(y ) 0.389+0.084 0.284+0.057 0.279+0.037

Py 20.7 GeV/c

distributions for particles with p > 0.7 GeV/c are approximately
two times less than those for all'bi . As such selection practi-
cally does not affect positions of the maxima of the y* dis-
tributions, one may suppose, that apart from known kinematic
reasons, this might mean a more "central" production of pions
with relatively high g . :

We would like to note that the results obtained are in quali-
tative agreement with the picture of nucleus-nucleus collisions
following from an additive quark model by Biatas et al./10/, In
this model particles, populating the central rapidity region,
originate from breaking of colored strings. It is quite obvious
that characteristics of these particles should be less depen-
dent on the atomic masses of the colliding nuclei than those
of the particles from the projectile or target fragmentation
regions. ’
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3. SYSTEM OF SYMMETRIC PARTICLE EMISSION AND EVALUATION
OF THE TARGET-TO-PROJECTILE RATIO OF THE NUMBERS OF
INTERACTING NUCLEONS FROM COLLIDING NUCLEI

In order to visualize our further analysis, we took advantage
of a qualitative picture of particle groduction on which the
above mentioned additive quark model’1%/ is based. Note, however,
that our consideration is of a general nature and does not
depend on any particular model.

In the model’/!% colored strings span between the wounded
constituent quarks of the colliding nuclei. As a result of
breaking of colored strings, particles are produced, which po-
pulate the central region of rapidities. Most of the pions are
created through such a mechanism. Fragmentation of wounded
quarks as well as that of spectator quarks which do not ex-
change colored gluons leads to the formation of target and
projectile fragmentation regions populated mainly by nucleons.

Directly from this picture it follows that the velocity of
an aggregate of particles, produced via breaking of colored
strings, is determined by the number of wounded quarks and
hence by the number of interacting nucleons. In other words,
the center—of-mass system of the wounded nucleons is essentially
the same as that of the particles produced through the break-
up of the strings. It is quite reasonable to expect that in
this system the spectra of the new produced particles, which
mainly hit the central rapidity region, should be in fact sym-
metric, i.e., this should be the "'symmetric emission system'.
Thus, to obtain some value which characterizes the numbers of
interacting nucleons from target and projectile nuclei, one

" should know the velocity of the center—-of-mass system of the

particles, mostly pions, produced through the string breaking
mechanism, i.e., Bg.,the velocity of the''symmetric system"

with respect to the NN CMS.

As soon as the value of Bs., is known, the target—to-projecti-
le ratio, Nt/Np.of the interacting nucleons is immediately
calculated as follows

N, /Np = (B, "ﬁsc)/(BO +Bse) )

where B; is the absolute value of incident nucleon velocity
in the NN CMS. One can easily obtain (4) from the expression for
the center-of-mass velocity of the system of N; target and N, -
projectile nucleons in the NN CMS:

Bsc =(Npp5-N, p3)/ (N EG+ N, Ef), _ (5

where pg and E* are the values of momentum and energy of an
incident nucleon in this system.



We should like to stress that the above method of determining
the N, /N, ratio is not justified unless intranuclear cascade
processes are negligible. Such an assumption is quite reasonable
in the interaction picture being considered as soon as Bscis
the velocity of the central cluster consisting mainly of pions
while the probability of producing any pions in secondary inte-
ractions of the produced particles may be neglected at our in-
cident energy.

Experimental value of B8, can be obtained in several ways
giving somewhat different results.

In this paper we have determined the B, value through the
median, ¥§,of the inclusive rapidity distribution of 7~ mesons
in the NN CMS, i.e., the actual measured value is the rapidity
of the frame where the forward-backward asymmetry vanishes. In ,
this forward-backward symmetric system (F-B SS) the average
7 meson multiplicities coincide in both hemispheres. Then the
velocity of the symmetric system is expressed as B,. =thyy ,
since ¥y =05In[{(1+8,.)/(1-B,4,)]. Earlier we used a similar
method to analyze #~p interactions at 40 GeV/c/1V/,

Figure 2 illustrates how the difference between the p~ -me-
son yields into the forward and backward hemispheres are altered
when transferring from NN CMS to F-B SS for dTa interactioms.
Some asymmetry of the shape of the y* distribution, well seen
in Fig.2b, namely, a mnre gentle slope in the forward hemisphere
of the F-B S§5, arises due to a number of factors. If the num-
bers of participant nucleons were fixed, the spectrum of »~ -
mesons resulting from the breaking of colored strings would be

T T T T I T T T T ' T T T T " T T T T 1 T T T T I 'l T T T T
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Fig.2. Distributions of ~ mesons versus the absolute

value of longitudinal rapidity in the forward hemisphere
(solid line) and the backward hemisphere (dashed line)

in the NN CMS (a) and F-B SS (b) (see text for definitions)
for dTa interactions at p/A= 4.2 GeV/c.

symmetric in the F~B SS. But the inclusive # spectrum should
not be entirely symmetric in this system due to event-by-event
fluctuations of the numbers of participant nucleons from the
colliding nuclei. Besides, the isotopic asymmetry of tantalum
nucleus should be taken into account. Nevertheless, a slight
asymmetry of the spectrum of #~ mesons does not play any essen—
tial role for a global estimate of the rapidity of the system
of produced r~ mesons.

Generally speaking, the center—of-mass velocity of the emit-
ted 7~ mesons can be found from the event-by—-event distributi-
ons over fB,, or ys',where y;' is the rapidity of the system of
7~ mesons in each event. Moreover, one may use directly the
N, /N, distributions. But we shall study possibilities of the
event-by-event analysis in another work.

Experimental values of the N, /N ratios, obtained according
to formula (4) for 4, He, and C interactions with tantalum nuc-
lei, are presented in Table 4 and Fig.3. The B,.values for
each type of interaction were determined, as mentioned above,
from the values of median, y}, of the inclusive longitudinal
rapidity n distributions in the NN CMS.

While calculating the N, /N, ratios, the fact of neutron
excess in the !8Tanucleus was taken into account. For this
purpose we corrected our ratios knowing that there are 1.064
times more d quarks per one "average" nucleon in !8!Ta nucleus
as compared to a symmetric nucleus?*

The N, /N experimental values are well described by a power-
like dependence (see Fig.3).

N, /N, =8,/8), (6)

where a= 0.52+0.04, b= 0.73+0.09 at xy%/N.D.F. = 0.87. Cer-
tainly, we do not attach much significance to the A; dependence
here as it is obtained rather mechanically. It would be very -
important, of course, to know the Ny and N, values explicitly.
Experimentally it is somewhat easier to measure the degree of
involvement of the projectile in the interaction.

Previously in our experiment the average values of the
numbers of interacting nucleons from the projectiles, vp, have
been obtained/%'? by estimating the average charge of strip-
ping particles,<Q’>p for all inelastic interactions:

<up>=2(zp-<Q,>p), ‘ )

where Z, is the charge of the projectile.

* Such a correction could be made more precisely if data on
7n~ -meson production in pp, pn, and nn interactions were availab-
le at our energy. ]
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: Table 4
Target~to-projectile ratios of the numbers of
interacting nucleons

Type of
interaction d Ta = He Ta C Te

N,/N,  10.5:2.0 5.0740.66 2.46:0.14

20 —————+—r—1—ry  Fig.3. Dependence of the N, /N,
E(d,HeC)+Ta+n at 4L2GeVic per nucleon  ratio on the atomic mass of the
: ] projectile nucleus in (d, He,
10f N 4 ©O)Ta interactions. The solid

- line is the result of the fit.

N /N,
{ dfl L i

But in our ratios we deal with
N, numbers, which, unlike Vp »
18152 AL L represent only the nucleons that
2r 1 took part in »~ production. Of
course, we cannot measure these
‘ N, numbers, but we can find v
L r ey ""1d'k 20 for events with n,->1. Then,
5 assuming that ‘Nj is roughly
proportional to v, as well as N, ~v,,we may admit thatv A@—N /N
and hence, multiplying our ratlos by v_, we get immediately the
values of v,,which are much more difficult to extract, at least
in bubble-chamber experiments.
Presented in Table 5 are the values of <vp > obtained accor-
ding to (7) from the reprocessed data of refs.’/21!2/ for
events with n_->1 along with the results of the fit to a po-
werlike function
<v,>=c- A‘}’) : D)
with c¢= 0.94+0.02, b=0.83+0.01 at x?/N.D.F.=0.88. The values
of v, for all 1ne1ast1c events from ref.’/? are also given
in Table 5 for comparison. Table 5 also contains the values of
<ut>'obtained by simple multiplication of the N;/N,values
(see Table 4) by the experimental values of <v_> for events with
n_->1. The values of <y, > are considered as average numbers
participant nucleons in target nuclei for the same subset
of collisions with n _>1. As the <v,>values are calculated
using two 1ndependené&y measured quantltles N, /N (formulae
(&) and (5)) and <v_»> (formula (7)) and thus they contain un-
certainties of two methods, we also give in Table 5 '"smoothed"
values of v, , which are the product of (6) and (8) approxima-
ting N, /N and <v, > separately.

8
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Table 5
Average numbers of participant nucleons from target
and projectile and results of the approximation of the

data
intcr::tion q Ta He %a g 3s
<v,>/2/ 1.60+0.04 2.86+0.10 6.60+0.30
M 1.66+0.03 3.02+40.06 7.36+0.14
o g B0 %4 D82 167 2.97 7.39
7 Y 17.443.2  15.142,0 18.141.2
v=14.0 A2 45,0 16.1 18,0

In order to test consistency of our estimate of the number
of participating nucleons with an independent measurement of
a similar kind, we turn now to the result obtained in ref. 113/,
namely, the total number of particlpatlng protons, N .u,1n CTa
interactions in the same experiment at 4.2 GeV/c per nucleon
according to the formula’14/
<NPart S-nch—n"*—n”_—(n;+ni), 9)
where Dgp 5By 50 __,n% 3 nﬂ are the average multiplicities of
all charged partlcles, »t mesons, »~ mesons and charged frag-
ments of projectile and target, respectively., It has been
found that <Np >wléd. 140, 4/13/, Calculatlng the number of par-
ticipant protons from our data (keeping in mind the isotopic
asymmetry of the !81Ta nucleus); we obtain <N ar >= 0.5 <y >+
+ 0.4<y, > =11,040.5. This value should be considered to be
in reasonable agreement with the above estimate of <Npan>from
ref./13/ since, on the one hand, our experimental value is
based on the set of data with n,->1, in contrast to the set
of all inelastic events of ref. /157.wh11e, on the other hand,
the nf and nf values in (9) contain certain ambiguities. In
fact, these values turn out to be dependent on the particular
choice of momentum and angular cuts.

Ending this section, we would like to call one's attention
to the fact that the number of participant nucleons from the
target rises only slowly with the number of participant nucleons
from the projectile (<V:>"V01 ) as it follows from our data
(see Table 5). However, the origin of such a weak dependence



is difficult to understand so far, especially in view of the
fact that we do not know any published experimental data on the
subject.

CONCLUSIONS

The experimental data on forward-backward asymmetry of 7~ -
meson emission in nucleus-nucleus collisions at the incident mo-
mentum of 4.2 GeV/c per nucleon are obtained. The dependence
of this asymmetry on the atomic mass of the projectile and on
the transverse momentum of r~~mesons is investigated. With
the increasing mass of the projectile the absolute value of the
asymmetry coefficient for the inclusive r»”~ production in the
NN CMS decreases: |Kp_gl ~ A3 0.35  There is an indication that
for mn~ -mesons with p >0 7 GeV/c this dependence becomes
weaker (~ A"O 24 )is

On the basis of the fact that particle emission asymmetrz
reflects the difference in the rate of involvement of the col-
liding nuclei in particle production, the method of measuring
the target-to-projectile ratio of the numbers of interacting
nucleons is proposed. To determine this ratio, one should
measure the velocity of the center-of-mass of produced par-
ticles. In our case the ratio of the nucleons taking part

in #~ production was estimated via measuring the velocity of
the system in which »” multiplicities in the forward and back-
ward hemlspheres are equal. This ratlo decreases with the in-
creasing projectile mass: N, /N -A‘

Experimental values of the numbers of interacting nucleons
in the projectile obtained by measuring the average charge of
its stripping fragments for events with n__>] were used to esti-
mate the numbers of participant nucleons in the target, which
were found to be weakly rising with A .

Finally we would like to stress that it would be of indubitab-
le interest to investigate the energy dependence of the asymmet-
ry of pion emission and of the numbers of participant nucleons
in various nucleus-nucleus collisions.

We are very indebted to the team operating the JINR 2 m pro-
pane bubble chamber, to the technical staff and to our collea-
gues at the collaborating institutions for assistance in film
taking and data processing. We are grateful to E.M.Leikin for
valuable comments which served as an impetus for performing this
work and also to A.P.Gasparian and Yu.M.Shabelsky for frultful
discussions.
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