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A new version of the firetube model is developed to describe hadron-hadron collisions at ultrarelativis-
tic energies. Several improvements are introduced in order to include the longitudinal expansion of in-
termediate fireballs, which remedies the overestimates of the transverse momenta in the previous ver-
sion. It is found that, within a wide range of incident energies, the model describes well the experimental
data for the single-particle rapidity distribution, two-body correlations in pseudorapidity, transverse
momentum spectra of pions and kaons, the leading particle spectra, and the K /7 ratio.

PACS number(s): 13.85.Ni, 12.40.Aa

I. INTRODUCTION

A couple of years ago, we proposed a simple phenome-
nological model for the proton-proton (antiproton) col-
lision process [1-3] based on a mechanism in which a
chromodynamical firetube fragments into intermediate
fireballs which subsequently decay isotropically into the
observed hadrons. The model, in spite of its simplicity,
was found to reproduce the experimental rapidity and
pseudorapidity distributions of pions within a wide ener-
gy interval, extending from Vs ~20 GeV to V's ~1 TeV.
However, there exist some shortcomings of the model be-
cause of the oversimplified picture. For example, the fire-
ball decay was assumed to be isotropic there, and this
leads to an overestimate of the transverse momenta of
final pions.

Thus, we consider it worthwhile to improve this
oversimplified picture of the original version, as well as to
extend the model to calculate other quantities than pion
rapidity distributions, such as kaon distributions and
leading particle spectra. We also intend to reproduce the
pion and kaon_spectra in any hadron-hadron collisions
other than p-p (p) reactions keeping the simple geometric
extension of the model.

In Sec. II, we describe the firetube model with several
improvements. We first analyze the mass and rapidity
distributions of fireballs and discuss them with respect to
the rapidity correlations of pions. In our model, the lead-
ing particle spectra are directly related to those of the
fireballs originated from the end points of the firetube.
From this picture, we can calculate the leading particle
spectra and the inelasticity coefficient.

We also discuss in this section the decay mode of the
fireballs into hadrons. The main improvement for the
treatment of the fireball decay processes is the introduc-
tion of the effect of the longitudinal expansion of the fire-
balls on the final hadron spectra. This remedies the large
transverse momentum caused by the simple isotropic de-
cay hypothesis used in the original version [3]. Further-
more, the kaon degree of freedom is introduced in the de-
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cay mode. For this purpose, the K /7 ratio is determined
as a function of the fireball mass.

In Sec. III, the results are discussed and compared
with experimental data when available.

II. FIRETUBE MODEL OF
HADRON-HADRON COLLISIONS

The phenomenological model developed in Refs. [1-3]
describes proton-proton collisions as three-stage process.
In the first part of the collision the protons become
colored objects due to the exchange of their sea quarks,
generating a chromodynamical flux tube (firetube) be-
tween them. This firetube can be represented by a classi-
cal string with an effective string constant. In the next
stage this tube fragments into a set of intermediate ob-
jects (fireballs), which subsequently decay into the observ-
able hadrons. This model is similar to the one developed
by the Lund group [4], except that in the latter, hadrons
are produced directly from the fragmentation of a string,
without an intermediate fireball stage [5]. In what fol-
lows we present the main ingredients of the model in each
stage.

A. Firetube formation

One of the basic characters of the model is that the
effective string constant x of the firetube is taken as a
function of the impact parameter and the incident ener-
gy. The tension coefficient is given by

k=€, A(bVs ), (1)

where € is the volumetric energy density of the flux tube
with transverse area A(b,V's ). The transverse area of
the effective string is proportional to the total hadron-
hadron cross section times a universal function of the im-
pact parameter b [3]:

Ab,Vs)=0,(Vs)f(b), 2)

where
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d’f(b) _ 1 d*o
- ’ (3)
db? o db?

A(b,Vs ) is considered as the effective overlapping area
between protons at the impact parameter b. In Ref. [3],
A(b,V's ) was taken just as the geometric overlapping
area of two flat disks. However, from the parton point of
view, the effective energy density of the string should be
proportional to the numbers of partons contributing to
the inelastic process. In this aspect, the universal func-
tion is rather well approximated by a Gaussian one [6]
than that of the simple geometric overlap of two disks.
Thus we take

2 —ap2/p2
df(b)=£e Ab /bmax’ @
dv? w
where b, is related to the total inelastic cross section as
Thrax =0 (Vs ), (5)
and A is determined by the condition [6]
2
(b2)=0.47 | /= | ,
i.e., A=8.5.

Then, the motion of the two colored (excited) hadrons
is described by the classical Hamiltonian

H(b)=(pi+mi )2+ (pl+mj ) +keglx —x,|
6)

where x; and p; are the coordinates and momenta of the
particles at each end of the effective string and my and

my, are the mass thresholds of the excited hadrons (see

later). The time evolution of the system is obtained by
solving the equations of motion derived from the Hamil-
tonian, Eq. (6). The trajectories of the end-point particles
are two intertwined hyperbolas.

B. Firetube fragmentation into fireballs

Another basic ingredient of the model is the stochastic
breakup of the firetube at any space-time just like in the
Lund string model [4]. We denote as o, the probability
density d 2P /(dx dt) of the firetube breakup.

The firetube breaking is related, in some way, to the
spontaneous quark-antiquark pair production inside the
firetube, but definitely it is not a perturbative process. It
might be possible to relate o to the energy density for the
firetube from some QCD-inspired models. However we
just take here the simplest choice, i.e., ® constant and
consider it just a simple phenomenological parameter to
fit the data.

The firetube breaking process splits the original fire-
tube into two subfiretubes; their energy and momentum
being determined by the precise point where the break
takes place. This process may continue to occur in the
subfiretubes. When a subfiretube does not break up
within the first period of its yo-yo cycle, it collapses into a
point due to the string tension. At this point, we assume
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that all the kinetic energy of the string in its center-of-
mass (c.m.) system is converted into internal energy of a
highly excited object (fireball).

For a given w and the initial c.m. energy of the fire-
tube, we thus can calculate analytically the mass and ra-
pidity distributions of the fireballs [3]. However, the as-
sumption of constancy of @ anywhere in space is obvious-
ly not appropriate near the end points of the firetube,
since the boundary effects will certainly reduce the proba-
bility of breaking in order to inhibit the production of ex-
tremely short subfiretubes. In other words, we assume
that the firetube breaking occurs only when the invariant
mass of the resultant subfiretube is greater than or equal
to some threshold value m,. We consider m,, as a pa-
rameter of the model.

In Ref. [3] details of the firetube breakup process are
discussed so that we will not repeat them here. We just
show, in Fig. 1, the calculated mass and rapidity distribu-
tions of the fireballs generated by the process of the fire-
tube breakup. Note that the form of the mass distribu-
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FIG. 1. (a) The mass distributions of fireballs generated by
the firetube fragmentation for three different incident energies.
(b) The rapidity distributions of fireballs generated by the fire-
tube fragmentation for three different incident energies.
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tion does not change appreciably with respect to the in-
cident energy, although the higher the incident energy is,
the more the heavy fireballs can appear. Consequently,
the average size of fireballs increases slowly with the in-
cident energy.

C. Correlations in rapidity of hadrons

The forms of the mass and rapidity distributions are in-
timately related to the correlation of the produced parti-
cles. The smallness of the average fireball mass should
generate a strong correlation in the rapidity spectrum of
the produced pions. In fact, phenomenological analyses
of the rapidity correlation pattern of the produced parti-
cles in very-high-energy pp and pp collisions suggest the
existence of some mechanism of clustering in the hadron-
ization process [7]. Although a part of such clusters can
be interpreted as hadron resonances, there seem to
remain some of the correlation pattern that cannot be in-
terpreted by hadron resonances. Since the observed had-
rons are originated from these fireballs, we expect that
the analysis of the two-particle correlation will provide a
critical check to the mass and rapidity spectra of the fire-
balls predicted by the model.

The two-particle correlation in pseudorapidity space is
defined as

1 d%

1 1 do 1 do
o dndmn,

A A (7)

Clny,my)=

It is further decomposed into two parts, the so-called
short-range correlation and long-range correlation as [7]

o 1 d?o, 1 do, 1 do,

o, dygdn, o, dn o, dng,

n

»

~ o
9, |1 do 1 do,

C = n - -
L ,2, g o dmn, o, dmn

where the subscript n indicates the quantity of given mul-
tiplicity n. It has been argued that the observed short-
range correlation pattern (see Fig. 2) suggests the ex-
istence of clusters at the time of the hadronization. Since
the short-range correlation is sensible to the size of clus-
ters, this will provide a good check of the mass distribu-
tion of the fireballs of our model. In order to see this
effect, we calculated here the rapidity correlation of pions
based on the fireball spectrum of the present model. The
whole process of p-p and p-p collisions are simulated by
the Monte Carlo method. The momenta of the final had-
rons are generated according to the isotropic fireball de-
cay [3]. The multiplicity distribution of hadrons of a fire-
ball is taken to be a Poisson type with average multiplici-
ty (n)=2.1V'M where M is the fireball mass. In Fig. 2,
we compare the results to the experimental data for V's
between 63 and 900 GeV. The solid lines are the results
of the model, and the filled circles are the experimental
values [8]. We see the short-range correlations are
surprisingly well reproduced by the model for all ener-
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FIG. 2. Short-range correlations in pseudorapidity, C(7,,7,)

for various incident energies, plotted as functions of 7,, with
7,=0. Data points are taken from Ref. [8].
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gies. It is worthwhile to mention that in these calcula-
tions, no new adjustable parameters are introduced. We
thus conclude that the present picture of the formation of
intermediate fireballs with the predicted mass distribution
of the firetube model is consistent to the short-range rapi-
dity correlation data. Furthermore, in the present model
fireballs play a similar role of clusters used to explain the
forward-backward correlations in multiplicity data [9].
Thus, together with the leading particle effect which is
described below, we expect that the present model should
also explain these long-range correlations in multiplicity.

On the other hand, the long-range correlation in rapi-
dity spectrum is intimately related to the multiplicity
fluctuations [7]. In the present calculation, we simply as-
sumed the Poisson distribution of the multiplicity distri-
bution for the fireball decay. In this case, it is found that
the total fluctuation in multiplicity of pions became
smaller than the experimental one. This leads to an
overall underestimate of the normalization factor in the
long-range correlation spectra, but its functional form is
well reproduced [10]. If we take other distributions than
Poisson type, which give larger fluctuations in multiplici-
ty for each fireball decay, the long-range correlations are
also well reproduced.

We also checked the influence of anisotropic decay of
fireballs into pions on the correlation data [10]. We
found that a longitudinally deformed decay mode im-
proves the long-range correlation data. This also im-
proves the overestimate of average transverse momenta
of produced pions as already pointed out in Ref. [1].
Therefore, it seems crucial to include the effect of longi-
tudinal expansion of fireballs before they hadronize into
hadrons. This will be discussed later in detail.

D. Leading particle spectra

In our model, the incident hadrons are always attached
to the fireballs at the end points of the original firetube.
Thus, the leading particle spectra are intimately related
to the mass and rapidity distributions of these end-point
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fireballs.
If we let w to be the probability of firetube breaking per
unit time, V's the initial center-of-mass energy, m the
fireball mass, and y the fireball rapidity, then the end-
point fireball spectra, in the limit V's >>m,, are given by
_wmVs o FY
2k

d’p
dm dy

__mw

O(Fy +Ymax) »

ep kig
9)

where the minus and plus signs of y refer to the fireball
from the right and left, respectively, ymax=ln(\/; /m),
and O is the Heaviside function. The rapidity distribu-
tion of the end-point fireball can be obtained by integrat-
ing the above expression with respect to m. In practice,
the finiteness of m, (we took in this work m, ~1 GeV)
alters the spectrum especially for low incident energies.
In Fig. 3, we show the rapidity distribution of the end-
point fireballs for different incident energies. For higher
energies, the distribution tends to that of Eq. (9).

In order to relate the fireball spectrum to that of the
leading particle, we assume that the incident protons are
detached from the fireball before the system enters in the
thermal equilibrium if the mass of the fireball is not so
large, say m <m,;. Such a process can be simulated by a
mechanism similar to that of firetube breakup, except
that the breaking occurs just at the position of the lead-
ing particle trajectory, leaving the minimum mass m, for
the remnant fireball. For m > m,;, we calculate the pro-
ton spectra with the prescription which is described later.
However, the leading particle spectra are rather insensi-
tive on the details of these decay modes, but essentially
just depend only on the value of m;, which was adjusted
as ~6 GeV to reproduce the experimental data. In Fig.
4, we show the calculated leading particle spectrum, to-
gether with the experimental values [11-13]. Adding
the contribution from the diffractive process (dashed
curve), the accordance between the calculated and the ex-
perimental spectra is fairly good. The diffractive contri-
bution here is supposed to be 20% of the total inelastic

2.0

Fireball (end—pcint) Rapidity

Distribution

200 Gev

FIG. 3. The rapidity distribution of fireballs at the end points
of the firetube for three different incident energies.
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FIG. 4. Leading particle spectra plotted as a function of the
Feynman variable xy, defined as xz=p/p,, where p; and p,
are, respectively, the final and initial proton longitudinal mo-
menta. The dashed line is the result obtained by our model
(V's =20 GeV). The dotted line shows the contribution of the
diffractive process. The solid curve corresponds to the sum of
these two contributions. Triangles and squares are data points
[11,12].

cross section. From this leading particle spectrum, we
can calculate the inelasticity coefficient, defined as
1—({E)/E,, where (E) is the average value of the final
proton energy and E the incident energy. In Fig. 5, we
show the calculated inelasticity as a function of the in-
cident energy. As can be seen from this figure, our model
predicts the slow increase of the inelasticity coefficient
with the incident energy. This behavior is analogous to
the dual string model [14,15] (see also the discussions in
Refs. [16] and [17)).

E. Longitudinal expansion of fireball

The hadron spectrum is calculated from the decay of
the fireballs as the final stage of the model. Several alter-
native assumptions may be made to treat decay processes.
In Ref. [3] a statistical thermal model was considered.
According to it, the pion and kaon spectra, in the center-
of-mass of a fireball with mass m, are, respectively, given
by
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FIG. 5. Inelasticity coefficient as a function of the incident
energy.
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1 d’o, =ée—Etcosh(y)/T[m) ’ 10)

o, dp? T

1 dSUK _ Z, —E,cosh(y)/T(m)
o, dp’ 7
where E =E,cosh(y) and p are the energy and momen-
tum of the emitted particles and Z_, is the normalization
constant.

Here, the “temperature” T of a fireball should be con-
sidered as an effective one in the sense that it does not
necessarily correspond to the real temperature at the time
when the fireball dissociates into final free hadrons. It is
merely a parameter which represents the exponential de-
cay of the transverse spectra of the final particles, and
therefore many other nonthermal effects are possibly in-
corporated in this parameter, such as transverse expan-
sion, final state interactions, and nonequilibrium com-
ponents. In fact, Hama and Navarra [18] argued that,
while the actual dissociation temperature decreases as the
mass of the fireball increases, the average transverse mo-
menta of final particles can increase due to the fluid
dynamical effect of transverse expansion.

The effective temperature is parametrized as a function
of the fireball mass by [3]

mTT
1—1.6v °

, (11)

T= (12)

where

1.2(mY—my,)
v= , (13)
mv+\/m2V—2.24mt”h(mV—m:’h)

which simulates the behavior of the transverse momen-
tum (p;) as a power function of the fireball mass [19]
with an exponent v. Here we take v as an adjustable pa-
rameter.

In order to treat the longitudinal expansion of the fire-
ball, we suppose that the final hadron spectra are ob-
tained as a convolution of the collective motion of the
fireball elements and the thermal decay spectra of had-
rons, like in the hydrodynamical model. In this case, the
rapidity distribution of the fluid elements of the fireball
can be well approximated by a Gaussian distribution [20],

Er
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where K, is the Bessel function,  stands for the rapidity
of the fluid element, and a is a parameter related to the
longitudinal energy of the fluid in the fireball.

The longitudinal expansion in the hydrodynamical
model is relatively well studied, and we took the depen-
dence of the parameter a on the fireball mass as

_ 2
a_ln(m/mo) ’ (16

where m denotes the mass scale for which the longitudi-
nal expansion starts.

In our model, the different firetube thickness can cause
the formation of different fireballs with same mass m. A
fireball formed from a thinner firetube has larger longitu-
dinal kinetic energy than that with the same mass which
is formed from a thicker firetube. Then, we expect that
the former one should have the larger longitudinal expan-
sion than the latter. In this mode, the parameter m,
should be related to some quantity which measures how
the initial condition for the formation of a fireball is
elongated.

We then define the parameter m, as the mass of the
firetube whose initial longitudinal dimension L and
transversal dimension R are related as

where a, is a parameter independent of the firetube.
Since the longitudinal size L is given by

mg

~

 €A(b,Vs)

>

whereas the transversal size is given by

— 1172
‘/
R~ A(b, s] ,
s
we get
mo=aye, 4> Hb,Vs ) . 17

F. Hadron spectra

Once the temperature parameter T and the longitudi-
nal expansion coefficient a are determined as a function
of the fireball mass m, we calculate the pion spectra as

2

f(y)oce*I/ZQPZ ’ (14)
which in turn can be approximated by
=)= 1 —acosh(y)
- , 15
T X P 13
J
1 dio, :ﬁ f +wd)_) 1 o —acosh(p), ~ Eicoshly=5)/Ttm )
om dp? 7 J-w  2Kyla)
Z1T ET
= Ko | |a*+2 |— |acosh(y)+
Ko(a) 0 y

172
] ) (18)

where E is the transverse energy. For kaons and baryons, we have analogous expressions.
Note that for large a we recover the isotropic decay inclusive spectrum, i.e.,

271/2

Er
T

E
a?+2 |-

K, a cosh(y)+

Ko(a)

%

ZW —E,cosh(y)/T(m)

T
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For a given mass m, the average multiplicity N is
determined by the normalization condition

s [aplle

m,K,B (7 dp3

=4Z1r,K,Bm1r,K,BTKl(m

1TKB

o /T) (20)

and the energy conservation

fd3 E d (o
1rKB g d }
4K(
=Xz [Z miTK,(m /T)+Z m2TK,(m_ /T)
ol

+ZymiTK,(mp/T)], @1

where the subscripts 7, «, and B refer to pions, kaons,
and baryons, respectively. Neglecting baryon production
in the decay process, we have Np=1 for the fireball
formed at the end points of the initial firetube, and Ny =0
for other fireballs in between. This simplification allows
us to determine the normalization constant Z, from Eq.
(20). We have left with three equations for the four un-
known variables, N,N,,Z ,Z,. It is necessary to speci-
fy the relative abundance of kaons to pions. To deter-
mine the relative normalization of pions and kaons as a
function of the fireball mass, we note that the K /7 ratio
should vanish for m —2m,, and should tend asymptoti-
cally to some constant for m — oo. Thus, we introduce
the ansatz

Z
Z

Z
V4

m—2m,
§

where (Z,/Z ), and & are taken as adjustable parame-
ters.

With the help of the normalization conditions Egs.
(20)-(22), together with the condition Ny =0 or Ny =1,
the hadron spectra from a fireball of a given mass m can
now be calculated completely [Eq. (18) and analogous ex-
pressions for kaons and baryons].

The rapidity (y) and the transverse momentum (p,)
distributions of hadrons from a fireball are respectively
calculated by

K K

1—exp , (22)

T ™ =]

dN,,k AN, .
=J dydp2 P
(23)
dN, 4N,
;" = [~
dp; dy dp;

With the above prescriptions for the decay of a fireball,
the final-hadron spectra are then calculated by folding
the fireball mass and rapidity distributions as

dek _ mmax max d2P
dy - f My, dm f VFB dy dm dygp 24
and
dN, M max max _dN__ d’P
— = dm d _—.
f m f TP ap, , @m dyes 23

dp? th dP

2901

The average total multiplicity of hadrons n, and n,
are given by

M ax dP
- d ,
n, f’"m m(n,,(m))deB "
L dP
nk_f’"m dm {ny(m)) 2

G. Charged particles

Formulas in the preceding section refer to the hadron
spectra without distinction of charged states. However,
the experimental data are usually concerned with the
charged particles, only. Therefore, it is necessary to con-
vert our formulas to those for the charged particles. For
this purpose, we simply assume that the fireballs which
do not contain the incident proton carry always zero to-
tal charge, and that any charge state of mesons (pions
and kaons) has the same probability. Thus, for these fire-
balls, we have

N, +=N o=1iN,

(27)
NK1=NK°=NE°=%NK .

For the fireballs which contain the incident protons, we
assume that the proton transfers a half of its charge, in
average, to mesons. The final charge configuration can
be determined by maximizing the number of ways of dis-
tributing this transferred positive charge between 7+ and
K under the constraints,

N17-+ +N1r‘ +Nﬂo=Nﬂ

N ++N _N +N—0

K _NK ’ (28)

N,,+—N7_=Q ’

where Q is the transferred charge (=1). We found that
the above condition leads to

80

101 102 103
Vs (GeV)

FIG. 6. Inelastic p-p G) cross section as a function of the in-
cident energy. The solid curve corresponds to Eq. (25). Experi-
mental data are taken from Refs. [21-23].
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TABLE 1. Parameters for firetube.

Parameter Physical role Expression
€ Volumetric energy density per parton Eq. (1)
® Probability density of firetube breaking Eq. (9)
my, Threshold mass of fireballs Eq. (26)

N ole

T

N .=4N,+Q*—N_),

Nﬂ— %(N.,T'”'Q*_Nﬂo),

Ne+=3N,+0Q),
Ne+=4HN,—Q).

III. RESULTS AND DISCUSSION

In the present model, the incident energy dependence
of the observable quantities enters only through that of
the total inelastic cross section, oj,(V's ) (geometrical
scaling [3]). In the present analysis, we fitted the experi-
mental values [21-23] of the cross section (see Fig. 6) as
a function of V's as

Oine=26.55+0.577InV's +0.47(InVs ) . (30)

After fixing the total cross section, we search the
values of the parameters introduced in the previous sec-
tion to fit the various observable quantities, such as total
multiplicity, rapidity distribution, transverse momenta,
K /mr ratio, etc.

For the sake of bookkeeping, we list in Tables I and II
the parameters of the model and their physical meaning.
These parameters are classified into two groups: one for
the firetube dynamics and other the fireball decay into
hadrons.

It is worthwhile to mention that there exists a scaling
relation [3] among the parameters €,w,my, and the in-
cident energy V's. In particular for higher energies,
where the role of m,, becomes ineffective, the first two
parameters are almost reduced into one parameter o/ €.

However, among these parameters, we simply fixed a
priori the two of them: ©=0.01 fm~2 and m,, =1 GeV.
This is because some of the observable quantities are not
sensible to these parameters. Furthermore, for change of
these parameters within a reasonable interval, we can al-
ways obtain the same good results as before by adjusting

the others. Therefore, we use just the five parameters ¢,
ag v, (Z,/Z),, and § to fit the K /7 ratio, the (pseudo)
rapidity distributions and transverse momentum spectra.
The first one ¢, is the only parameter related to the fire-
tube fragmentation. The parameters €, and «, are found
to control essentially the overall multiplicity data, togeth-
er with the temperature parameter v. This last parameter
strongly affects the P, distributions, as expected. To have
a reasonable behavior of the P, spectra, we obtained the
value

v=1/5.
Once the temperature parameter is fixed to the above
value, we adjusted the parameters €,, ay, (Z,/Z ), and
£ to reproduce the experimental data. We found that the

following values reproduce the overall behavior of the ex-
perimental data:

€=0.3,
a0:002 N

zZ
z

K

=0.15,

)

£=2.4.

In the following, we present the results calculated with
the above values of the parameters.

A. Rapidity (pseudorapidity) distribution

The basic change introduced in this new version of the
firetube model compared to the original one [3] is the lon-
gitudinal expansion of the fireballs. Since the transverse
energies are much smaller than the longitudinal ones, we
expect that this change will not influence much the rapi-
dity spectra. In fact, as shown in Figs. 7(a) and 7(b), the
rapidity (or pseudorapidity) distributions stayed as good
as in Ref. [3] reproducing well the experimental data
[22-26] for all values of V's from 20 to 900 GeV.

For higher energies, only the pseudorapidity experi-
mental distributions are available. For the sake of direct
comparison, we converted our calculated rapidity spectra
into those for pseudorapidity, using the approximate for-
mula [27]

TABLE II. Parameters of fireball decay.

Parameter Physcial role Expression
ag Mass scale parameter for longitudinal expression Eq. (17)
v Mass dependence of the temperature T(m) Eq. (13)
‘ZK /Z,,J , & Mass dependence of the K-m ratio Eq. (22)
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FIG. 7. (a) (Pseudo) rapidity distributions of charged parti-

cles for various energies. The two lowest energy cases
(Vs =20,53 GeV) refer to the rapidity distributions, whereas
the remaining cases (V/ s =200, 540,900 GeV) refer to the pseu-
dorapidity distributions. Data points are taken from Refs.
[22-25]. (b) Rapidity distributions of negatively charged parti-
cles for energies V's =30 and 44 GeV. Data points are taken
from Ref. [26]. (c) Pseudorapidity distribution of charged parti-
cles for Vs =1800 GeV. The curve 1 is the result obtained with
the experimental inelastic cross section. The curve 2 corre-
sponds to the result obtained with the value of the inelastic
cross section 10% higher. Data points are taken from Ref. [28].
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where ( E?) is the average transverse energy (see below).

For \/El =1800 GeV, the pseudorapidity distribution in
the central region is found to be lower than the experi-
mental data [28] [Fig. 7(c), curve 1]. If we would have
taken the inelastic cross section higher for about 10%, we
could again well reproduce the data [Fig. 7(c), curve 2].
In our model, the effective energy density of the firetube
is simply proportional to the numbers of partons contrib-
uting to the inelastic process. It seems that processes
such as hard QCD processes with transverse momentum
scales pr =2 GeV/c should explicitly be taken into ac-
count. Some further investigation is necessary to under-
stand this point.

B. Transverse momenta

In Fig. 8, we plotted the calculated {p;) as a function
of the incident energy which shows an excellent agree-
ment with the experimental data [29-32] for pions, al-
though the agreement with the kaon data is not so good.
In particular, a kind of discontinuity observed in the
kaon data around V's ~200 GeV is difficult to be repro-
duced in the present model. Note that the slow increase
of (pr) for higher energies reflects the increase of the
average fireball mass.

Figures 9(a)-9(d) show the comparison of the calculat-
ed spectra of pions and kaons with the corresponding ex-
perimental data. In all cases, the agreement is excellent.
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& osnroenseeoee
Y04r :/”‘:,__’-—‘—————‘—‘.n 1

0.2¢

0.0 . il e

1o 102 103

Vs (GeV)

FIG. 8. Average transverse momentum of produced particles
as a function of the incident energy. The solid curve (calculat-
ed) and the squares (experimental) refer to pion data. The
dashed curve (calculated) and the triangles (experimental) refer
to kaon data.
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C. Kaon to pion ratio

Figure 10 shows the comparison of the calculated K /7
ratio with the experimental data [31] as a function of the
incident energy. In our model there are essentially two
parameters, (Z,/Z ), § to control this quantity. How-
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ever, the ansatz Eq. (22) refers to the dependence of the
ratio as a function of the fireball mass, not the incident
energy. Thus, the final value of the ratio depends on the
mass distribution of the fireballs, which in turn reflects
the dependence on the incident energy. The agreement of
our curve to the experimental values is excellent.
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FIG. 9. (a) Pion spectra at y =0 plotted as function of P,. (b) Kaon spectra at y =0 plotted as function of P,. (c) Pion spectra,
averaged in the rapidity interval —2.5 <y <2.5, plotted as functions of P,. (d) Kaon spectra, integrated in the rapidity interval

—2.5<y <2.5, plotted as function of P,.
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FIG. 10. K /7 ratio plotted as a function of the incident ener-
gy. The solid curve is the result of the calculation. The squares
are the experimental data of Ref. [31].

D. Hadron-proton collisions

It is interesting to apply our model to another hadron-
hadron collision processes than that of the proton-
(anti)proton case. Here, we calculate the rapidity distri-
bution of negative pions for the pion-proton, kaon-
proton, and proton-proton collisions at p; . =250 GeV/c.
In the present calculation, the only change introduced for
the K-p and m-p cases was to use the value of the experi-
mental inelastic cross sections [21] for each reaction, in-
stead of the formula Eq. (25). All other values of the pa-
rameters are kept equal to those of the previous results.
Figure 11 is the calculated rapidity distribution of nega-
tive charged particles, compared with the experimental
data [33]). The agreement for proton-proton case is very
good as expected. For the pion-proton reaction, the
overall behavior of the rapidity distribution is well repro-
duced by the simple substitution of the cross section
value in our model, except for the small asymmetry. For
the kaon-proton reaction, our result becomes less satis-
factory. These calculations suggest that the influence of
the valence quarks, especially those of strange (heavy)
quarks, seems to violate the idea of the simple geometri-
cal scaling at such lower energies. In the present model,
the roles of the valence quarks are completely neglected.

IV. CONCLUDING REMARKS

In this paper, we develop some improvements of the
firetube model. The main point is the introduction of the
longitudinal expansion effect of the fireballs, which im-
proves the behavior of the transverse momenta of the
final hadrons. The present version is found to reproduce
almost all the global properties of the experimental in-
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FIG. 11. Rapidity distributions of negative charged particles
for p +p (solid curve), 7+ +p (dashed curve), and K *+p (dash-

dotted curve) reactions at p;,, =250 GeV/c. The histograms
represent the experimental data [33].

clusive observables of proton-(anti)proton reactions.
Some semi-inclusive data, such as the two-particle corre-
lations in pseudorapidity space, are also reproduced in
this model. With a trivial extension of the model, it also
reproduces the data for the pion-proton case.

We also expect that the extension of the present model
to more complex systems, such as p-nucleus or light-
nucleus—nucleus reactions, will serve to describe the
macroscopic aspects of the hadron productions, in partic-
ular, their peripheral collisions. These calculations are
now in progress.

Several points deserve to be commented. We remind
ourselves that the present model is concerned mainly
with the macroscopic properties of the observable quanti-
ties, particularly with their dependence on the incident
energy, without entering into the details of the incident
hadron structure. All of these energy dependences come
out as a consequence of the energy dependence of the to-
tal inelastic cross section. We found that most of the
data treated here fit with this vision, changing smoothly
with the incident energy. However, some of them seem
to be out of this scheme. The first one is the average
transverse momenta of kaons. As is seen from Fig. 8,
there seems to exist some abrupt change around
V's ~200 GeV. This discontinuous behavior is also seen
in the form of pseudorapidity distribution at this energy.
Another one is the data at V's =1800 GeV. The inelastic
cross section value at this energy fails to fit the observed
pseudorapidity distribution. Some further investigation
is necessary to understand these points.
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