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Light front variables are introduced to study inclusive spectra of secondaries in hadron—hadron
and nucleus—nucleus interactions. It is established that the phase space of secondary pions is divided
into two parts with significantly different characteristics. The thermal equilibrium seems to be reached
in one of these parts. Corresponding temperatures of pions in hadron-hadron and nucleus—nucleus
collisions are extracted. The results are compared with the results of other types of analysis. The
results for nucleus—nucleus collisions are compared with the predictions of the Quark-Gluon String
Model (QGSM). The QGSM satisfactorily reproduces the experimental data for light and intermediate-
mass nuclei.

BeenieHbl iepeMeHHbIE CBETOBOTO (PPOHT  JUIS M3ydeHUs MHKIIIO3HBHBIX CIIEKTPOB BTOPHYHBIX Y -
CTHIl B JIPOH- JIPOHHBIX M SIPO-AJEPHBIX COyl peHHsX. P 30BOe MPOCTP HCTBO BTOPHYHBIX IHOHOB
€CTeCTBEHHbIM 0Op 30M p 30MB €Tcsl H [IBE 4 CTH C CYIIECTBEHHO P 3IUYHBIMU X P KTEPHCTHK MH.
Ilpesct Biagercd Np BIONOZOOHBIM, YTO B OJHOH M3 9THX Y CTEi JOCTHI €TCs TEIUIOBOE P BHOBECHE.
H3BrieyeHsl COOTBETCTBYIOIIE TEMIIED TYphl IIMOHOB B JIPOH- IPOHHEIX U AAPO-AIEPHBIX COYI PEHMSX.
Pe3ynbT ThI cp BHUB 10TCA C Pe3yabT T MU H JIM30B JAPYroro THI . Pe3ynbT Thl [/ AApO-sAepHBIX
COyZl PEHHIl Cp BHUB I0TCA C IIPEICK 3 HUAMU KB PK-IooHHOH Mogenu ctpyH (KIMC). KIMC yno-
BJIETBOPUTEIEHO BOCITPOM3BOJMT 9KCIIEPHMEHT JIbHBIE JI HHBIE [UId JIETKUX U CPEIHUX slIep.

1. INTRODUCTION. DEFINITION AND PROPERTIES OF VARIABLES

The study of single-particle inclusive processes [1] remains one of the sim-
plest and effective tools for the investigation of multiple production of secondaries
at high energies. The consequences of the limiting fragmentation hypothesis [2]
and those of the parton model [3] and the principle of automodelity for strong
interactions [4] have been formulated in this way.

At high energies different dynamical mechanisms contribute to spectra of sec-
ondaries. Among them «pionization» and fragmentation mechanisms are widely

*e-mail: djobava@sun20.hepi.edu.ge
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Fig. 1. The schematic view of the surfaces of constants xr (a), x1 (b), and y (c¢) in the
(pz> p1) plane
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discussed. «Pionization» means the existence of secondary pions with relatively
low momenta and flat (almost isotropic) angular distribution in the centre-of-mass
frame of colliding objects. The fragmentation component has sharply anisotropic
angular distribution in the centre-of-mass frame. One of the principal problems
in this direction is the separation of these two components. Up to now, there
exist no unique way to separate these mechanisms. Different authors propose
different ways and non of them seems to be satisfactory. It will be shown that
the presentation of inclusive spectra in terms of light front variables provides a
unique possibility of separating these two components.

An important role in establishing many properties of multiple production
is played by the choice of kinematic variables in terms of which observable
quantities are presented (see, e.g., [5—7]). The variables which are commonly
used are the following: the Feynman zp = 2p./+/s, rapidity y = 1/2 In[(E +
p.)/(E — p.)], transverse scaling variable zr = 2pr/+/s, etc. In the case of
azimuthal symmetry, the surfaces of constant zp are the planes p, = xp+/s/2,
the surfaces of constant y are the hyperboloids

2

1+e% 9 9
(m) —11 —pr=m7,
and the surfaces of constant xr are the planes pr = x1+/s/2 in the phase space
(see Fig. 1).

Unified scale invariant variables for the presentation of single-particle inclu-

sive distributions have been proposed [8], the properties of which are described
below.

Consider an arbitrary 4-momentum p,,(po, p) and introduce light front com-
binations [9]:

v

P+ = po £ ps3. (1)
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If the 4-momentum p, is on the mass shell (p? = m?), the combina-
tions p4,pr (where pr = (p1,p2)) define the so-called horospherical coordi-
nate system (see, e.g., [10,11]) on the corresponding mass-shell hyperboloid
p3 —p? =m? (u = p/m, ud —u?® = 1). Corresponding hyperboloid in the veloc-
ity space is the realization of the curved space with constant negative curvature,
i.e., the Lobachevsky space.

The following relations define the horospherical coordinate system:

ug + uz = €°, 2)
ug —uz = e+ ey, 3)
uy = (u1,uz) =e*y,, 4)
where v, = (71,72)
(ur,uz,uz) — (e, v,), (5)
dfp = e**dadr |, (6)

Ed_a - 1 _do ) (7
dp  mm?dady?
In particular, if a = 0, up + ug3 = 1. Thus the horosphere in the Lobachevsky
space, realized on the upper sheet of the hyperboloid uZ — u? = 1, is a two-
dimensional surface with Euclidean intrinsic geometry. Coordinates (a,<y ) are
related to measurable quantities (p,,p, ) as follows:

E /2 2 2
=In —+pz=ln pltp.tm +pz7 (8)
m

m

vy = = DL pL=pr ©)
T E4p. P2 +mE4p.
Let us construct scale invariant variables:
C
+ Py
¢ -ty w

in terms of the 4-momenta py,, pf“ py, of particles a, b, c, entering the inclusive
reaction a+b — ¢+ X. The z axis is taken to be the collision axis, i.e., p, = ps.

Particles a and b can be hadrons, heavy ions, leptons.
It is interesting to note the properties of £* variables in some limiting cases.
The light front variables £T in the centre-of-mass frame are defined as follows [8]:
ELp. _  E+|p]

+ _ _
Eii \/g - \/E )

(1)
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where s is the usual Mandelstam variable; F = \/p2 + p2. + m? and p, are the
energy and the z component of the momentum of produced particle. The upper
sign in Eq. (11) is used for the right-hand side hemisphere; and the lower sign,
for the left-hand side hemisphere.

In order to enlarge the scale in the region of small £+, it is convenient also
to introduce the variables

¢F=7FIn|¢F. (12)

The ¢ variable is related to a via the following relation:

(t=—a—In 2

Vs
The invariant differential cross section in terms of these variables looks as follows:

do |¢f]  do

do
d¢Edp?’

_ l (13)
™

dp  w de¢rdpk

), the fi variables

In the limits of high p, (|p.| > pr) and high pr (pr > |p.
go over to the well-known variables

QFZ mr pT T / 2
+ +
E — \/_ xF’ E — 7 — 7 —_—, mr p,I + mQ’

respectively, which are intensively used in high-energy physics. £+ variables are
related to xF, 7 and rapidity y as follows:

1 / 2m
+ T

+ 2
y= 2t VS (15)
2 mf,

The region |¢¥| < m/y/s is kinematically forbidden for the £* spectra
integrated over all values of p2, and the region |¢¥| < my/\/s is forbidden for
the ¢+ spectra at fixed values of pZ. The minimum value of £+ = £m/\/s we
call the threshold value.

Light front variables have been introduced by Dirac [9], and they are widely
used now in theoretical studies of relativistic composite systems (see, e. g., [12—
26], in theoretical and experimental studies of nuclear reactions with beams of
relativistic nuclei (see, e. g., [22,27,28]) and in the study of quark confinement in
QCD (see, €. g., [29]). Combinations like Eq. (1) appear also when considering the
scale transformations [30] in the theory with fundamental length (see, e. g., [31]).
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2. INCLUSIVE DISTRIBUTIONS IN HADRON-HADRON COLLISIONS

Using &% variables, inclusive reactions in 7~ p interactions at 5 and 40 GeV/c
have been analysed. The following reactions have been studied:

Tp—nt+X, (16)
T p—m1 + X, (17)
Tp— v+ X, (18)
7 p— K%+ X, (19)
7 p— A+ X; (20)

and the following experimental data have been used: for the reaction (16) we
have 19500 inelastic events detected in the one-metre Hydrogen Bubble Chamber
of JINR [32]; for the reactions (17) and (18) at 5 GeV/c we have 7900 events
detected in the one-metre Propane Bubble Chamber of JINR [33]; for the reactions
(16)—(20) at 40 GeV/c we have 14300 inelastic events in the two-metre Propane
Bubble Chamber of JINR [34].

Experimental data for 7~ mesons obtained at both energies are presented in

£ d + d
the form of invariant differential cross sections M—U and m d 5 in
de* T dfide

; a | b
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Fig. 2. The §i distribution of 7 (a) and 7~ mesons (b) from 7~ p collisions at 5 (o) and
40 GeV/c (o) of incident momentum
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Fig. 3. The ¢F distribution of 7% (a,¢) and 7~ mesons (b,d) from 7 p collisions at
different intervals of transverse momentum: a,b) 0.1 < p; < 0.2 GeV/c: o — 5 GeV/c;
X — 40 GeV/c of incident momentum; ¢,d) 0.0 < p; < 0.1 GeV/c: Vv — 5 GeV/c; v —
40 GeV/c of incident momentum

Figs.2-5. For comparison, in Fig. 6, the data for the reaction (16) at the same
energies are given as function of the usual Feynman variable xp.

& * distributions have two features, which make them differ from correspond-
ing zx distributions: 1) Existence of the forbidden region near the point £+ = 0
(cross sections vanish in the region |¢*| < m¢/,/s). Corresponding threshold
values ftih for various types of particles in various p intervals are given in Ta-
bles 1 and 2; 2) Existence of maxima at some f} in the region of relatively small
|£i|. Maxima in ¢* distributions become less pronounced with increasing mass
of the detected particle. For v quanta and m mesons we have well pronounced
peaks in the region of small |¢*|, for K° mesons, and especially for A° hyperons,
we have more smooth behaviour.
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Fig. 4. The ¢F distribution of 7% (a,¢) and 7~ mesons (b,d) from 7 p collisions at
different intervals of transverse momentum: a,b) 0.3 < p; < 0.4 GeV/c: O — 5 GeV/c;
B — 40 GeV/c of incident momentum; ¢,d) 0.2 < p, < 0.3 GeV/c: o — 5 GeV/c; e —
40 GeV/c of incident momentum

Differential cross sections as functions of &%+ variables at 5 and 40 GeV/c in
the region |¢*| > |¢F| are rather close to each other. This allows one to speak
about the approximate scale invariance (automodelity) in some regions of phase
space.

In order to study the nature of these maxima, we have investigated the
angular and pi distributions of 7+ mesons in 7~ p interactions at 40 GeV/c in
the regions |£¥| < |€F| and |¢*| > |€F| separately [35]. Results for 7+ mesons
are presented in Fig.7. The angular distribution of particles with [€£| > |¢%|
is sharply anisotropic in contrast to the almost flat distribution of particles with
|¢*| < |€*]. The slopes of p? distributions differ substantially.



1040 CHKHAIDZE L. ET AL.

|
o A * *»E‘Jﬁiﬁ*i
@*2# J, Py ﬁ‘[‘ o
N {,}l& | %\ %ﬁ {
% 0.1 Hh % ‘, M - «é# b
=) N 1 \' f /r: l 1
g | | Hf { ;
i R
+ié‘"O.Ol L1 11 i T B L1 1“ 1§ [
) #y c #il d
i ﬁéﬁ% &”fwﬁ%¢
I T
BN |
Lo, B
0.01 lx [ ﬁléx [ J lll [ l‘ I I

-1.0

Fig. 5. The gi distribution of 7% (a,c¢) and 7~ mesons (b,d) from 7w p collisions at
different intervals of transverse momentum: a,b) 0.5 < p; < 1.0 GeV/c: o — 5 GeV/c;
o — 40 GeV/c of incident momentum; ¢,d) 0.4 < p; < 0.5 GeV/c: & — 5 GeV/c; ¢ —
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Note, that the surfaces of constant ¢+ are the paraboloids

Table 1. Threshold values and the values corresponding to the points of maxima

2 2
o P mT (R

P

—26*/s

(é T, ) of € * variables for inclusive spectra

0.6

Particle 5 GeVl/c 40 GeV/c

ype ||l =m/y/s| &8 | & |lnl=me s | &Y | &
v 0 0.080 | -0.120 0 0.040 | —=0.040
t 0.040 0.190 | -0.190 0.016 0.070 | =0.090
T 0.040 0.170 | -0.170 0.016 0.090 | =0.090
K° 0.150 0.325|-0.275 0.060 0.150 | -0.150
A° 0.350 0.500 | -0.550 0.130 -0.550

1.0
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in the phase space (Fig.8). Thus
the paraboloids

pe PLAmT (€05
’ ~26+V5

separate two groups of particles
with significantly different charac-
teristics.

Further analysis of inclu-
sive reactions in terms of light
front variables has been performed
by means of (* variables (see
Eq. (12)). Experimental data for
invariant differential cross sections
1/mdo/d¢* in the reaction (16)
at 5 and 40 GeV/c are presented
in Fig.9. Maxima at CE are also
observed.~ However, the region
|€5] < |€%] goes over to the re-
gion |[¢(F| > |¢F| and vice versa
(see Egs. (11) and (12)). It is in-

(22)

t'f f";%

4 %

R 1

K fiﬁ{ Ig’%{ %

(2E/n\s)(do/dx), mb

o
]
—

oorL_ 1 1 vy

Fig. 6. The zr distribution of 7t from 7~ p col-
lisions: o — 5 GeV/c; « — 40 GeV/c of incident
momentum

Table 2. Threshold values and the values corresponding to the points of maxima of £+
variables for different intervals of transverse momentum p9

Particle | Interval 5 GeV/e 40 GeVl/c
of p = = = =

P | Gevie [l =m VA & T & ienl=m Ve & &

¥ 0-0.2 0 0.080 | -0.080 0 0.030|-0.030

0 0.2-0.5 0.060 0.130|-0.170 0.020 0.090 | -0.050
xt 0-0.1 0.040 0.070 | -0.070 0.016 0.030|-0.030
T 0-0.1 0.040 0.070 | -0.070 0.016 0.030|-0.030
7wt 0.1-0.2 0.053 0.090 | -0.090 0.020 0.050 | -0.030
T 0.1-0.2 0.053 0.090 | -0.090 0.020 0.050 | -0.050
xt 0.2-0.3 0.076 0.110|-0.110 0.028 0.050 | -0.050
T 0.2-0.3 0.076 0.110|-0.110 0.028 0.050 | -0.050
xt 0.3-0.4 0.103 0.150|-0.130 0.038 0.070 | -0.070
T 0.3-04 0.103 0.150 | -0.150 0.038 0.090 | -0.090
7wt 0.4-0.5 0.132 0.170|-0.170 0.048 0.070 | -0.070
T 0.4-0.5 0.132 0.170 | -0.170 0.048 0.110 | -0.070
xt 0.5-1.0 0.162 0.250|-0.230 0.059 0.130 | -0.150
T 0.5-1.0 0.162 0.290 | -0.210 0.059 0.170 | -0.130
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Fig. 7. Angular and P2 distributions of 7T mesons from 7~ p collisions at 40 GeV/c with
€5 <€F (o) and £ > £ (x)
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Fig. 8. The schematic view of the sur-

faces of const §i

terersting to note that in the region |¢*| >
|C*| experimental distributions at these two
values of s; and so (square of the total
energy in the c.m.s.) are almost parallel
curves separated from each other to the dis-
tance

1

=—1In
2

52

S1

A* (23)
in the ¢ scale. It seems to be interesting
to check this regularity at other energies
and for other produced particles. It will
be worth to investigate this phenomenon in
et —e™ annihilation and in nucleus—nucleus
collisions.

The almost flat cos © distribution in the region || < [%| allows one

to conclude that the thermal equilibrium seems to be reached.

In order to

check this hypothesis, we have studied the inclusive reaction pp — 7t + X
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Fig. 9. The ¢* distribution of 71 mesons from 7 p collisions at 5 GeV/c (o) and
40 GeV/c (o) of incident momentum

at 22.4 GeV/c, which has been detected in the two-metre Hydrogen Bubble Cham-
ber of JINR. Details of experiment can be found in Ref. 36. In this case it is
sufficient to study the right-hand side hemisphere only, due to the C P symmetry

of the reaction.

In Fig. 10 ¢+ and ¢t distributions of 7% mesons are shown. In Fig. 11 the
angular and p? distributions in two different regions of phase space are given.
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Fig. 10. (¢ /x) (do/de™) distribution (a) and (1/7) (do/d¢Y) distribution (b) of 7+
mesons in the reaction pp — 7+ X at 22.4 GeV/c. Solid curve — fit of the data in the
region ¢ < §~+ ¢t > 5'*') by the Bose—FEinstein distribution; dashed-dotted curve —
fit of the data in the region &7 < §~+ ¢t > §+) by the Boltzmann distribution; dashed
curve — fit of the data in the region £+ > £7(¢* < ¢*) by the formula (1 — ¢+)"

To describe the spectra in the region £t < £+(¢CT > (T), the simplest
statistical model (see, e.g., [37]) with the Boltzmann f(E) ~ e /T and the
Bose-Einstein f(E) ~ (e®/T — 1)~ distributions has been used.

The distributions (1/7) (do/d(T), do/dp%, and do/dcos © look in this
region as follows:

2
pT,max
1 do

i / Ef(E)dp, 24)
0
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Fig. 11. Angular distribution (a) and p3 distribution (b) of 7+ mesons in the reaction
pp — 7T X at 22.4 GeV/c (a) and (b). Solid curve — fit of the data in the region
£ < £f ¢t > EJF) by the Bose-Einstein distribution; dashed-dotted curve — fit of the
data in the region £+ < £T(¢t > ¢1) by the Boltzmann distribution; dashed curve — fit
of the data in the region £+ > £7(¢* < ¢*) by the formula (32)

Pz, max
do
o~ E)dp (25)
T U
P J
d Pmax
ag
T " / f(E)p*dp, (26)
0
E=/p2+m2, p°=p+ph, (27)

where

Prmax = (ETV5)2 —m2, (28)
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_ pptmi — (€5V5)?

;max = = ; (29)
- 285
—&t/5c080 + \/(&H/E)Q —m2sin?©
max — . 30
P sin? © G0
Table 3. Results of the fits of (1/7)(do /d¢T), The experimental distributions
do/d cos ©, and do /dp} distributions in the (1/7)(do/d(™), do/dp7, and do/
region £ < £F(¢T > () dcos © in the region T < £F(¢T >
¢T) have been fitted by Egs. (24),
T, GeV (25), and (26), respectively. The re-
BosoFinsie: Bol sults of the fit given in Table 3 and
ose-Einstein oltzmann Figs.10,b, 11,a, 11,b show satis-
1 do 0.134 4 0.004 | 0.119 & 0.003 factory agreement w1thi experlmegt.
7w d¢t Thus the spectra of 7= mesons in
do the region & < £7(¢t > () are
—— | 0.091 £ 0.003 | 0.086 4+ 0.003
dcos© satisfactorily described by the for-
do mulae which follow from the statis-
— 0.110 £0.001 | 0.105 £ 0.001
dp2. tical model. The same formulae

when extrapolated to the region £ >
. . (¢t < ¢1) deviate from the data.

In the region T > £(¢T < (1), ¢t distribution has been fitted by the
formula

+

S~ (1= =1 —e ) 31

7TdC+ ( g ) ( € ) ) ( )
and the p2T distribution, by the formula

dO’ -8 2 — B 2

— ~ae P 4 (1 —a)e 2PT, (32)

dp7

Table 4. Results of the fits of do/d( * and (1/7) (do/dp%) distributions in the region
>N (¢ <)

a B, B2, n
(GeVic) ™2 [ (GeV/c)™2
1 % — — —  [37+401
™
do

— [0.8£0.03| 6.0+0.1 | 2.8 £0.3 —
dp?.
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Thus, the dependence (1 — 7)™ is in good agreement with the data in the
region £ > £+(¢t < (1) and deviates from them in the region £t < £T(¢t >
¢T) (see Fig. 10, b).

Note that in the region &t — 1,  dE/dx
the parameterization (31) goes over to
the well-known quark—parton model pa-
rameterization (1 — z)" with z = zp =
2p./+/s. The results of the fit are given
in Table 4 and Figs. 10,b and 11, b. Since
the dependence (1—x)™, which is derived
for x — 1, describes the data even in the
region z — 0 (where, in general, it must
not work), but the dependence (31) devi- 10!
ates from the data in the region of small
&1, it seems that the analysis of data in 100 10!
terms of £+ and ¢* distributions is more '
sensitive to the phenomenological models
of multibody production at high energies
than the ana}llylsis in terms of xg F- ¢ as a fumtigo n of N fw/kT: 1 —

oo . L dE, ~ z°dx (Wien); 2 — dE, ~

It is interesting to recall the similar 3 -2 ;. (Rayleigh-Jeans); 3 — dE., ~
situation in the study of black-body radi- .3 (e=® — 1)~'dz (Planck)
ation, where the Wien formula describes
the low frequency part of the spectrum
and does not describe the high frequency part, whereas the situation is reversed
in the case of Rayleigh—Jeans formula (see, e.g., [38]). To illustrate this in
Fig. 12, the black-body radiation intensity according to the Wien, Rayleigh—Jeans
and Planck formulae are plotted against the dimensionless variable x = hw/kT.

100 =

Fig. 12. Black-body radiation intensity

3. NUCLEUS-NUCLEUS COLLISIONS

The study of 7~ mesons produced in the relativistic nucleus—nucleus col-
lisions in terms of the light front variables [39-41] has been performed. The
choice of the light front variables is due to the fact, that, as one can see from the
prevoius sections, these variables seem to be more sensitive to the dynamics of
interaction as compared to the well-known Feynman variable xr and rapidity y.
The analysis has been carried out in the nucleus—nucleus centre-of-mass system
for 7~ mesons from 6147 — He(Li, C), 902 — C-Ne, 6261 — Mg-Mg, 1203 —
C—Cu, and 732 — O-Pb collisions [39, 40] obtained on the SKM-200-GIBS fa-
cility of JINR and for 7~ mesons from 8371 — p—C, 13318 — He-C, 20594 —
C-C, and 1989 — C-Ta collisions collected with the two-metre Propane Bubble
Chamber (PPK-500) of JINR [41].
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Table 5. Number of events, trigger and the results of the joint fit of the distributions
(1/m)(dN/d¢"), dN/ dp%, dN/d cos ® of =~ mesons by Egs. (24)—(26) in the region
¢t > (¢" and (1/7)(dN/d¢T) distributions by Eq. (31) in the region ¢t < (T

Ap — Ar Number of | 7T, MeV n
T(Ocn, On) events Ct>¢t | ¢t <(¢t
He(Li, C) Exp. 6147 81 £2 | 3.6£02
T(2,0) QGSM 15566 84 +2 | 35+0.1
C—Ne Exp. 902 79 +3 | 3.7+02
T(2,0) QGSM 3950 82 +2 | 34+£038
Mg-Mg Exp. 6261 76 +£2 | 43 £0.1
T(2,2) | QGSM 6212 77+2 | 42401
C—Cu Exp. 1203 72 4+2 | 3.0£0.1
T(3,3) QGSM 3463 74 +2 | 32+038
O-Pb Exp. 732 55+3 | 2.6 0.1

SKM-GIBS consists of a 2-m streamer chamber, placed in a magnetic field
of 0.8 T, and a triggering system. The streamer chamber was exposed to the
beam of He, C, O, Ne, and Mg nuclei accelerated in the synchrophasotron up to
the energy of 3.7 GeV/nucleon. The thickness of the solid targets in the shape of

(lel/myaniae) (lel/myaniag)
120 160
r a b
E g4
. ¢ 120
80 - {
E \ 80
F !
40 | ;
C I + 40
C .
0 b Pdo 2R Ok Oall () L RE R
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

g g

Fig. 13. The £* distribution of 7~ mesons from different interactions: a) * — He(Li, C);
A — C-Ne; o — O-Pb; b) from C-Cu interactions: o — the experimental data; A — the
QGSM data. The curves are the result of polynomial approximation of the experimental
data
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thin discs was 0.2 + 0.4 g/cm? (for Li
the thickness was 1.59 g/cm?). Neon
gas filling the chamber also served as
a nuclear target. The triggering sys-
tem allowed the selection of «inelastic»
and «central» collisions. The «central»
trigger was selecting events with no
charged projectile spectator fragments
(with P/Z > 3 GeV/c) within a cone
of half-angle ©.,, ©, = 2.4° or 2.9°.
The trigger mode for each exposure is
defined as T'(O¢p, ©,,). The number of
events for all pairs of nuclei and corre-
sponding trigger modes are listed in Ta-
ble 5. Due to the small statistics and av-
erage multiplicities, the data of He-Li
and He—C collisions have been united
and thus He(Li, C) represents this sam-
ple of the data. In Figs.13 and 14,
the ¢+ distributions of 7~ mesons from
He(Li, C), C-Ne, Mg-Mg, C—Cu, and
O-Pb interactions are presented. These

distributions are similar for all analysed pairs of nuclei.
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Fig. 14. The ¢T distribution of 7~ mesons
from Mg-Mg interactions: o — experimen-
tal data; x — QGSM data; the curve is a
result of polynomial approximation of the
experimental data

One can see from

Figs. 13 and 14 that the principal differences of ¢+ distributions as compared to
the corresponding z distributions (Figs. 15 and 16) are the following:

(E/m(s)Y*)(dN/dx 1)

25 t
20
P
15 ¢ Jr
pod
H
¢
10 g m
A
5 # ‘*’*g
i, )
*ﬁ:‘ﬂ@ | %‘%‘ﬁ&md
0 HakaRaSR™ i T X!
-1.0 -0.5 0.0 0.5 1.0
XF
Fig. 15. The xr distribution of 7~

mesons from He(Li, C) (x), C-Cu (A)
and O-Pb (o) interactions
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© &
*
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Fig. 16. The xp distribution of 7~

mesons from Mg-Mg interactions: o —
experimental data; x — QGSM data
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(1/m)(dN/C)
120

80 /

40 - / !

(1/m)(dNIE)
160

Fig. 17. The ¢ * distribution of 7~ mesons from different interactions: a) * — He(Li, C);
A — C-Ne; o — O-Pb; b) from C-Cu interactions: o — the experimental data; A — the
QGSM data. The curves are the result of polynomial approximation of the experimental

data

(1/m)(dN/dEH

600

Fig. 18. The ¢* distribution of 7~ mesons
from Mg-Mg interactions: o — experimen-
tal data; x — QGSM data; the curve —
result of polinomial approximation of the
experimental data

1) existence of some forbidden re-
gion around the point £+ = 0;

2) existence of maxima at some £+
in the region of relatively small |¢*;

3) existence of limits for |[¢F| <
m/+/s), similarly to hadron—hadron col-
lisions.

The experimental data for invariant
distributions (1/7)(dN/d¢*) are shown
in Figs. 17 and 18. The curves are the
result of the polynomial approximation
of the experimental distributions. The
maxima at ¢t are also observed in the
invariant distributions (1/7)(dN/d¢*).
However, the region |[¢£] > |¢%| goes
over to the region [¢¥| < |CF| and
vice versa (see Eqgs. (11) and (12)).
The values of maxima are observed at
fi = 2.0 £ 0.1 for all pairs of nuclei.
The ¢* is the function of the energy (see

Egs. (11), (12)) and does not depend on the mass numbers of the projectile (Ap)

and target (Ar).
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Fig. 19. The p% distribution of 7~ "
mesons from He(Li, C) (x), C-Ne (4), L 4 ¥ L
O-Pb (o) interactions: a) for ¢ >t R }
b) for ¢t < ¢*. ¢) From C-Cu in- 10°F 4

teractions for ¢* > ¢*: o — experi-
mental data; A — the QGSM data; for
¢t < {*: O — experimental data; * —
the QGSM data. The solid lines — fit
of the experimental data in the regions
¢t > ¢t and ¢t < ¢t by Egs. (25) 0.0 0.2 0.4 0.6 0.8
and (32), correspondingly p%, (GeVic)?

In order to study the nature of these maxima, the phase space has been
divided into two parts [¢£| > |¢| ((T = 2.0) and |¢*| < |(*|, and the p?
and the angular distributions of 7~ mesons in these regions have been studied
separately. The numbers of pions in these two regions are approximately equal.
For example in C—Cu interactions in the region [¢*| > |¢*| the number of pions
is equal to —1987; and in |¢F| < |CF|, to 2212. In Figs. 19-22 the p2 and the
angular distributions of 7~ mesons from He(Li, C), C-Ne, Mg-Mg, C-Cu, and
O-Pb interactions in different regions of ¢* (¢(* > ¢t and ¢+ < (1) in the
forward hemisphere are presented.

One can see from Figs. 19-22 that the p2 and the angular distributions of
7~ mesons differ significantly in (* > ¢ and ¢* < ¢t regions. The angular
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distribution of pions in the region ¢t < (T (Figs.21,b,c and 22) is sharply
anisotropic in contrast to the almost flat distribution in the region ¢+ > (*t
(Figs.21,a,c and 22). The flat behaviour of the angular distribution allows one
to think that one observes a partial thermal equilibrium in the region [(*| > ICE]
(|€%] < |€%]) of phase space. The slopes of p2. distributions differ greatly in
different regions of ¢* (Figs. 19 and 20). For example in Mg-Mg interactions:
(p2) = (0.027 £ 0.002) (GeV/c)? in the region ¢* > (*; (p2) = (0.103 +
0.009) (GeV/c)? in the region ¢t < (.

dN/dp?., (GeV/c)™

Fig. 20. The p2 distribution of 7~ mesons
from Mg-Mg interactions: o — experi-
mental data for ¢t > (T (¢ = 2.0);
o — the QGSM data for ¢t > ¢t; A —
experimental data for (T < ¢t; O — the
QGSM data for ¢t < ¢*; dashed lines —
fit of the experimental data by the Boltz-
0.0 0.2 0.4 0.6 0.8 1.0 mann distribution; solid lines — fit of the

P, (GeVie)? QGSM data by the Boltzmann distribution

Thus the values of (* are the boundaries of the two regions with significantly
different characteristics of 7~ mesons. The validity of this statement can be
seen from the momentum distributions of 7~ mesons in the laboratory frame.
Figure 23 presents the momentum disribution of pions from C—Cu collisions in
the laboratory frame. The shaded area corresponds to the region of ¢(* > ct
and the nonshaded one to the region of (T < ¢*. One can see from Fig.23
that these two regions almost do not overlap in the momentum space unlike to
the c.m.s. case (overlap ~ 45%). The pions from the region (T > (T have
small momentum, approximately up to 0.6 GeV/c as compared to the pions from
¢t < ¢t (the momentum of pions ranges from ~ 0.6 to 3 GeV/c). Similar
results have been also obtained for the other pairs of nuclei. Figure 24 presents
the dependence of (P)j, on Oy, for all analysed pairs of nuclei (He(Li, C),
and C-Ne data are presented with the same symbol because of the similarity
of their dependences) in the (T > (T and ¢* < (T regions. The shapes of
these dependences are different in two regions of ¢(*. The curves are the result
of polynomial approximation. (P),p decreases and (©),1, increases with the
increasing of Ap, Ar.



LIGHT FRONT VARIABLES IN HIGH-ENERGY 1053

dN/d cos © dN/d cos ©
200 300
a b
250
150
200
100 5 | 150 : +
VT g 100 Py
50 IV s * oyt NP2
' 50

dN/d cos ©
1000
c

800 b
Fig. 21. The cos © distribution of 7~
mesons from He(Li,C) (%), C-Ne (A), 600 ¥
O-Pb (o) interactions: a) for ¢ > 5+; +’¢+
b) for (¥ < (. ¢) From C-Cu inter- .
actions for (T > (T: o — experimental 400 %
data; A\ — the QGSM data; for ¢t < ¢t sbyh ‘ "
O — experimental data; * — the QGSM 200 ’ ) = s
data. The solid lines — fit of the exper- TS B

imental data in the region ¢ > ¢t by
the Eq. (26) and in the ¢T < ¢ by the
polynom

To describe the spectra in the region ¢(* > ¢+, the Boltzmann
F(B) ~ e BT

distribution has been used.

The distributions (1/7)(dN/d("), dN/dp2, dN/dcos © are given by for-
mulae (24)—(27). The experimental distributions in the region (* > ¢+ have been
fitted by the expressions (24)—(26), respectively. The results of the joint fit of
the distributions (1/7)(dN/d("), dN/dp%, dN/d cos © are given in Table 5 and
Figs. 19-22. They show a rather good agreement with experiment. In Table 5 the
values of the parameter 7" obtained by fitting the data with Boltzmann distribution
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are presented. In order to determine how the characteristics vary, the analysis has
been carried out also for ¢t = 1.9 and 2.1. The results are similar, but the joint
fit of the distributions is better for (t = 2.0 (presented in figures).

The spectra of 7~ mesons in the region (* > f T are satisfactorily described
by the formulae which follow from the thermal equilibration. The same formulae

dN/d cos ®
2500
2000
1500
Fig. 22. The cos © distribution of 7~
1000 mesons from Mg-Mg interactions: o —
experimental data for ¢t > ¢ (C+~:
500 2.0);  — the QGSM data for ¢* > ¢
/A — experimental data for (T < §+;
O — the QGSM data for (T < (T
0.0 dashed lines — fit of the experimental
’ data; solid lines — fit of the QGSM data
dnldPy,,, (GeV/c)™! (P, GeVie
300
250
200
150
100
50
0 0.5 1 1.5 2 2.5 0 10 20 30 40 50
P, GeVie @]oah

Fig. 23. The momentum distribution of 7~ mesons from C-Cu interactions in the laboratory
system. The shaded area corresponds to the region of ¢* > (T

Fig. 24. The dependence of (P)ia, on O, in the regions ¢ > ¢t (bottom data) and
¢t < ¢ (top data) for different interactions: O — He(Li, C) and C—Ne; ¢ — C—-Cu; * —
Mg-Mg; o — O-Pb; the curves — result of polynomial approximation
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when extrapolated to the region ¢t < f"’ (Figs. 25 and 26) deviate significantly
from the data. Therefore in the region (* < ¢t, the p2. distributions have been
fitted by formula (32); and the ¢ distributions, by formula (31). The dependence
(31) (1 —e~1¢"1)™ is in good agreement with experiment in the region ¢t < ¢t
and deviates from it in the region ¢t > ¢t (Figs.25 and 26). The results of the
fit are given in Table 5 and Figs. 19, 20, 25, and 26.

Thus in the ¢ (¢%) distributions we have singled out points (= (£¥) which
separate in the phase space two groups of particles with significantly different
characteristics. There are no such points in the xr and y distributions.

The similar analysis of 7~ meson spectra produced in p—C, He-C, C-C, and
C-Ta interactions at a momentum of 4.2 GeV/c/nucleon has been carried out in
light front variables [41]. The data have been obtained using the 2-m Propane
Bubble Chamber of JINR (Dubna), placed in a magnetic field of 1.5 T. The
chamber, which housed tantalum targets of thickness about Imm, was irradiated
with protons, deuterons and by relativistic He and C nuclei of incident momenta
that varied between 2 and 10 GeV/c per nucleon. From the whole ensemble of

(1/m)(dNIdCH (1/m)(dNIdCh
r 10°¢

T T T T

T

10%

pn e s b b i b o b b by

05 1.0 15 20 25 30 35 05 1.0 15 20 25 3.0
- -

Fig. 25. The (1/7)(dN/d¢") distribution of 7~ mesons from C—Cu interactions: o —
experimental data; the solid line — fit of the experimental data in the region ¢ +~> ¢t by
the Eq. (24); the dashed line — fit of the experimental data in the region ¢(* < (T by the
Eq. (31)

Fig. 26. The (1/7)(dN/d(™") distribution of 7~ mesons from Mg-Mg interactions: o —
experimental data; A — QGSM data; the solid line — fit of the data in the region ¢ > C~ +
by the Boltzmann distribution; the dashed line — fit of the data in the region (™ < ¢t by
the formula (1 — e_‘Cﬂ)"
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Table 6. Results of the fit of (1/7)(dN/d("), dN /dp%, dN/d cos © distributions for
7w~ mesons by Eqs. (24)—(26) in the region (T > ¢

. P T, MeV
Reaction ¢
(1/7)(dN/d¢T) | dN/dcos © | dN/dp3
pC—n" 4+ X 2.0 107 + 15 89 + 20 75 £ 7
HeC -7~ 4+ X 1.8 100 + 4 99 + 10 87 +£3
CC—-rn" 4+ X 1.9 93 +3 60 + 4 72 £2
CTa—7m" +X 2.0 71+ 5 68 + 10 64 + 4

collisions of C nuclei in Propane ChamberL inelgstic Cc-C collisi0n§ have been
selected. The points have been singled out (* : (* = 2.0 for p-C, (* =1.8 —
He-C, (* = 1.9 — C-C, and (* = 2.0 — C-Ta. The spectra of pions have
been described with the same formulae, as for SKM-200-GIBS data, and the
parameters 7' (C* > (*) and n (¢t < {T) have been extracted. The results of
fits are presented in Tables 6 and 7. One can see (Tables 5-7) that the results of
SKM-200-GIBS and of 2-m Propane Bubble Chamber Collaboration (PPK-500)
agree quite well. The angular and transverse momentum distributions of 7~
mesons in various regions of variables £ + and ¢ * in p—C, He-C, C-C, and C-Ta
collisions show the characteristics [41] similar to those from He(Li, C), C—Ne,
Mg-Mg, C—Cu, and O-Pb collisions of SKM-200-GIBS experiment.

The Quark Gluon String Model was used for the comparison with exper-
imental data of SKM-200-GIBS. He(Li, C), C—Ne, Mg-Mg, C—Cu, and O-Pb
interactions have been generated using Monte-Carlo generator COLLI, based on
the QGSM. The events have been traced through the detector and trigger filter.
The events have been generated for not fixed impact parameter b. From the impact
parameter distribution the mean value of (b) has been obtained. For the obtained
value of (b), total samples of Ap—Ar events have been generated. The numbers

Table 7. Results of the fit of (1/7)(dN/d("), dN/dp7 distributions for 7~ mesons by
Egs. (31) and (32) in the region (T < ¢

dN/dp7 (1/m)(dN/d¢t)
Reaction . 41, B, .
(GeVic)™2 | (GeV/c)™2
pC -1+ X 09+01 |113+24 | 30+15 3.8 +£02
HeC -7 +X | 09+0.1 7.8 + 1.1 0 3.8 +0.2
CC—7"+X | 0.66+004|240+3.1]| 67+04 3.8+ 02
CTa—>7m +X | 08+03 | 11.9+3.0 | 49+30 44 + 03
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of generated events for all analysed pairs of nuclei are listed in Table 5. In SKM-
200-GIBS experiment the following values of b are most probable: b = 1.55 fm
for He(Li, C); b = 2.20 fm for C-Ne; b = 1.34 fm for Mg-Mg; b = 2.75 fm for
C—Cu; b = 3.75 fm for O-Pb.

The experimental results have been compared with the predictions of the
QGSM for the above-mentioned values of b, and satisfactory agreement between
the experimental data and the model has been found. In Figs.13,b, 14, 17,5,
and 18, the ¢+ and ¢ distributions of 7~ mesons from the QGSM calculations
are presented together with the experimental ones for C—Cu and Mg-Mg inter-
actions. One can see that the QGSM well reproduces these distributions. The
similar results have been obtained for all analysed pairs of nuclei. The QGSM
also reproduces the p% and cos © distributions (Figs. 19, ¢, 20, 21, ¢, and 22). The
QGSM data show the similar characteristics in different regions of ( as experi-
mental ones: sharply anisotropic angular distributions in the region (T < ¢t and
the almost flat distribution in the region ¢+ > 5 *+; the slopes of p2. distributions
differ greatly in different regions of (. The average values of (p%) in these two
regions also differ: for example, for Mg-Mg, (p%) = (0.029 + 0.003) (GeV/c)?
in the region ¢t > ¢*; (p2) = (0.109 + 0.009) (GeV/c)? in the region ¢+ < (T
The average values of (p%) in different regions of ¢ from the experimental and
QGSM data agree respectively; the momentum distributions of pions in the lab-
oratory frame in different regions of (* have also different shape of spectra as
experimental ones (Fig.23). Momentum distributions of QGSM data reproduce
the corresponding experimental spectra in both regions of ¢(*. The distributions
obtained by the QGSM in the region ¢t > f T have been fitted by the expressions
(24)—~(26). The results of the fit are given in Table 5 and Figs. 19, ¢, 20, 21,¢
and 22. In the region (T < (T, the pZ and the ¢ distributions have been fitted
by the formulae (32) and (31), respectively. The results of the fit are given in
Table 5 and Figs. 19, ¢, 20, 25 and 26. One can see from Table 5 that the values
of the T extracted from the experimental and QGSM data coincide within the
errors. The QGSM does not reproduce satisfactorily the O—Pb data. This may
be caused by the fact, that QGSM simplifies the nuclear effects, which are more
pronounced for heavy nuclei. In Ref. 42, it has been indicated that the model
can be improved by including higher mass baryon resonances and taking into
account a possible increase of the pion absorption cross section, oaa— NN 1IN
dense baryon medium, in comparison with the cross section, obtained from the
detailed balance relation.

In Fig.27, the dependence of the parameter 7' from Tables 5 and 6 on
(Ap - Ap)'/?, obtained from the experimental and QGSM data of SKM-200-
GIBS and experimental results of PPK-500, is presented. One can see that T’
decreases linearly with the increasing (Ap - A7)'/2, i.e., with the increasing
number of participating nucleons. Similar behaviour is predicted by the QGSM.
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T, MeV In Ref. 43, the temperatures of pi-
120; He-Li(O) ons in He-Li, He-C, C-Ne, Mg-Mg,
E C—Cu, and O-Pb interactions were ob-
100; p—C C_Nﬁg_Mg tained be means of inclusive kinetic en-
: +C—C C—Cu ergy and transve.rs'e rr.lomentum spec-
s0F I 4 1 tra in central r.apldlty interval (0.5-2.1
E . “\-;5\&‘ a for light nuclei and 0.1-1.8 for heavy
: Tl | O-Pb  ones), which corresponds to the pioniza-
60 ¢ #) tion region and with the c.m.s. angles
E 90 £ 10°. The pion spectra for He-Li,
40 F He-C, and C-Ne have been fitted by one
E exponent; and for Mg-Mg, C—Cu, and
205 O-Pb, by a sum of two exponents, or
0 10 20 30 40 50 60 two temperatures 77 and T, (describing

(dp-Ap"? the low and high momentum part of the

spectrum). The temperatures extracted

Fig. 27. The dependence of the parameter
T on (Ap - Ar)'/? for He(Li,C), C-Ne,
Mg-Mg, C—Cu, and O-Pb [38,39]: o —
the experimental data; A — the QGSM
data; for p—C, He-C, C-C, and C-Ta [40]:
x — the experimental data. The dashed
line is a result of linear approximation

by the light front analysis for light pairs
of nuclei are less about (15-20) % as
compared to those obtained in Ref. 43.
For heavy pairs of nuclei, the temper-
atures are more close to the low tem-
perature T7. It seems obvious that the

thermal equilibrium region corresponds

to lower momenta. It should be men-
tioned that the extraction procedures of 7' in the light-front variables and in
Ref. 43 are quite different and it seems, that different regions of phase space are
seperated by these methods.

The temperatures of pions have been extracted in the GSI experiments (FOPI,
KAON and TAPS Collaborations, see, e.g., [44—46]). The T in the GSI experi-
ments have been obtained in the same manner as in Ref. 43. FOPI Collaboration
[44,46] has obtained that the m~ spectra from Ni-Ni collisions require the sum
of two exponential functions with independent yields, and slope parameters T;
and T}, describe mostly the low and the high momentum parts of the spectrum,
respectively: at £ = 1.06 GeV/nucleon T; = (55 £ 3) MeV, T}, = (93+5) MeV;
at £ = 1.45 GeV/nucleon T} = (56 £ 3) MeV, T}, = (100 + 5) MeV; at
E = 1.93 GeV/nucleon T; = (61 + 3) MeV, T = (115 £ 6) MeV. The
FRS Collaboration has found that the 7' for 7~ mesons in Ne-NaF collisions
vary from (78 £ 2) MeV to (96 + 3) MeV for projectile energies from 1.34 to
1.94 GeV/nucleon.

TAPS Collaboration has found for 7° mesons 7' = (83 £ 3) MeV in C-C
interactions at incident energy of E' = 2 GeV/nucleon; T'= (70 £+ 1) MeV in Ar—
Ca interactions at incident energy of £ = 1.5 GeV/nucleon; KAON Collaboration
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has found a value of T for 7+ mesons ranging from (7143) MeV (at energy E =
1 GeV/nucleon) to (95 + 3) MeV (at energy E = 1.8 GeV/nucleon). The numer-
ical values of the parameter 7" for pions in Au—Au collisions at 1.0 GeV/nucleon
(FOPI) and our values for the heaviest colliding pair are close to each other.

CONCLUSION

A remark on the nature of maxima in ¢* distributions is in order. The ALEPH
Collaboration observed the maxima in the £ distributions (£ = — ln p/pmax) [47]
of secondary hadrons in eTe™ collisions, which coincide to high precision with
predictions of the perturbative QCD (see, e. g., [48,49]). The accuracy of coinci-
dence increases when next-to-leading order corrections are taken into account. So
the shapes of £ distributions are related to the details of the underlying dynam-
ics. Similarly, it seems that the maxima in ¢* distributions reflect the dynamics
of the processes considered. In particular, secondary pions with |¢%| < |¢%|
have almost ﬂalt angular distribution in the centre-of-mass frame, whereas pions
with [€*] > |¢*] are produced sharply anisotropically. So the phase space of
secondary pions is divided into two parts with significantly different characteris-
tics in a unique way. Separation points are points of maxima in corresponding
€+ (¢) spectra (or corresponding paraboloids in the phase space). Thus one can
say that the problem of separation of «pionization» and fragmentation components
seems to be solved in a unique way. An application of the method proposed to a
wide class of hadronic and nucleus—nucleus reactions and e*e™ annihilation into
hadrons seems to be of great interest.

As is mentioned in the Introduction, light front variables define the so-
called horospherical coordinate system in the Lobachevsky space. It seems to be
interesting to use other coordinate systems on the mass shell hyperboloid (see,
e.g., [10]) for the analysis of inclusive spectra.

In conclusion, we think that the use of light front variables can help to
distinguish in between different dynamical contributions, or test basic principles
in other types of analysis, such as two-particle correlations, HBT-interferometry
[50,51] and transverse flow studies [52].
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