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Abstract: The transverse mass spectra of protons, pions, kaons, Lambda and Antilambda produced in cen-

tral nucleus-nucleus collisions at high energies are described by using one-temperature and two-temperature

emission pictures. The calculated results are compared and found to be in good agreement with the experimen-
tal data of the E895, E866 and E917 Collaborations measured in central Au-Au collisions at the Alternating
Gradient Synchrotron (AGS) energies and the NA49 Collaboration measured in central Pb-Pb collisions at

the Super Proton Synchrotron (SPS) energies. It is demonstrated that the transverse mass distributions of

protons, kaons, Lambda and Antilambda, except for Lambda hyperons produced in central Pb-Pb collisions

at 158 A GeV, can be described by using the one-temperature emission picture, and for pions, we need to use

the two-temperature emission picture.

Key words: transverse mass spectra, one-temperature emission picture, two-temperature emission picture,

heavy-ion collisions
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1 Introduction

One of the main aims of relativistic heavy-ion in-
teractions is to explore the properties of nuclear mat-
ter under extremely high temperature and high den-
sity [1]. A great body of experimental data has been
reported by now [2-9]. Meanwhile, many theoretical
models have been proposed to explain those experi-
mental results [10-19]. Explanation of the transverse
mass distributions of hadrons produced in heavy-ion
collisions has become one of the most difficult jobs
[20-22].

A two-temperature emission picture has been used
to describe the high-energy nucleus-emulsion colli-
sions processes [23]. The two emission sources are the
projectile spectator contact layer with high temper-
ature and the other part with low temperature. We
can see that the two—temperature emission picture in
Ref. [23] is based on the nuclear geometry model.

In the present work, we use the one-temperature
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and two-temperature emission pictures based on the
two-source model [24, 25] and the picture of hadronic
resonance decays to describe the transverse mass
distributions of protons, kaons, pions, Lambda and
Antilambda produced at the midrapidity in central
heavy-ion collisions at energies of F),,=2-160 A GeV.
The calculated results are compared with the exper-
imental data in the range from Alternating Gradi-
ent Synchrotron (AGS) to Super Proton Synchrotron
(SPS) incident energies.

2 The
temperature emission pictures

one-temperature and two-

According to the two-source model [24, 25], two
participant fireballs are assumed to be formed in high-
energy nucleus-nucleus collisions, namely a projectile
fireball and a target fireball. In a high-energy hadron-
hadron collision, the incident hadron collides with the
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target and they penetrate each other. Then a pro-
jectile fireball and a target fireball are formed and
they move along the inverse beam directions. In high-
energy nucleus-nucleus collisions, a lot of incident nu-
cleons and target nucleons collide with each other,
then many projectile fireballs and target fireballs are
produced. We regard the projectile fireballs formed in
nucleus-nucleus collisions as a big projectile fireball
P’and these fireballs are estimated to be in thermal
equilibrium at the time of freeze-out. Similarly, we
regard the target fireballs formed in nucleus-nucleus
collisions as a big target fireball 7" and these are es-
timated to be in thermal equilibrium at the time of
freeze-out. In the fragmentation region, the emission
from the projectile fireball P’ and the target fireball
T’ is assumed to be isotropic in emission source rest
frame.

We establish a three-dimensional rectangular co-
ordinate system and let the beam direction and the
reaction plane be the Oz axis and xOz plane, respec-
tively. As in Maxwell’s ideal gas model, the three com-
ponents of particle momentum in the emission source
rest frame are assumed to obey Gaussian distribu-
tion having the same width. According to Refs. [26—
29], the transverse momentum distribution of parti-
cles produced in the emission source ¢ is given by

p 3
pr (pTvo'i):O__;eXp (_T;> . (1)

(3

Then, the transverse mass distribution of particles
produced in the emission source ¢ can be given by

m m2 —m?
fmgp (Mrp,0;) = U—;FGXp (—M) . (2)

2
7 201

Let T stand for the temperature of emission source,
and the relationship between o; and T is [30-32]

02'2 =ml'= ﬁmOTu (3)

where 7, m and m, are the mean value of the Lorentz
factor, the mass of the particles produced and the
rest mass of particles, respectively. Because the exci-
tation degree of the emission source in the relativistic
heavy-ion collisions is very high, the relativistic effect
cannot be neglected. Therefore, we have to take m
as the moving mass in the discussion of the temper-
ature of the emission source. In the emission source
rest frame, the Lorentz factors of each particle pro-
duced are different, so we take the mean value of the
Lorentz factor. We have [33]

Y=~ E [mo ~p/mo, (4)

where E and p are the mean energy and the mean
momentum. According to the above discussion, we

know that the momentum of the particle produced in
the emission source rest frame has a Maxwell distri-
bution. Then we have

p=0,\/8/m (5)
and

T=0;\/T/8. (6)

From expression (6), we can see that the tempera-
ture of the emission source increases with the momen-
tum distribution width of emission source increas-
ing. The emission sources have the same temperature
when they have the same distribution width.

The projectile fireball P’ and target fireball T’
stay in the same excitation states for their relativity,
then they have the same temperature. It is probable
that the particles produced in the fireballs P’ and T’
interact with the leading particles. The hadronic res-
onance states may be formed. The particles produced
in the hadronic resonance decays stay at a low exci-
tation state and have a narrow standard deviation
oy, and a lower temperature. The particles produced
in the nonresonance regions in the fireballs P’ and
T’ stay at a high excitation state and have a wide
standard deviation oy and a higher temperature. If
hadronic resonance decays make a very small con-
tribution to the transverse mass spectra of the con-
cerned particles, namely we can neglect the contribu-
tion of the hadronic resonance decays to the trans-
verse mass spectra of the concerned particles, we can
utilize the one-temperature emission picture to de-
scribe the transverse mass spectra of the particles.
We will use the two-temperature emission picture if
hadronic resonance decays make a big contribution
to the transverse mass spectra of the concerned par-
ticles produced in central heavy-ion collisions at high
energies. For the one-temperature emission picture,
the transverse mass distribution is contributed by two
parts, the projectile fireball P’ and the target fire-
ball 7", and we can utilize expression (2) to calcu-
late the transverse mass distribution of the particles.
For the two-temperature emission picture, there are
three parts: the nonresonance regions in the fireball
P’, the nonresonance regions in the target fireball T’
and the hadronic resonance decays. The transverse
mass spectra of the particles can be written as

fng (1) = an froy (Mer,0u) +ar frny (Mr,01),  (7)

where ay denotes the contribution of the nonreso-
nance regions in the fireballs P’ and 7", and ay, de-
notes the contribution of the hadronic resonance de-
cays.
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3 Comparison with experimental re-
sults

3.1 Protons

Figure 1 shows the transverse mass distributions,
(1/27tmy)d®*N /dmrdy, of protons produced at the
midrapidity in central Au-Au collisions at 2, 4, 6 and
8 A GeV. The circles are the E895 experimental data
[34]. The curves represent our calculated results from
expression (7) based on the two-temperature emission
picture. The parameter values, obtained by fitting
the experimental data, of expression (7) are shown
in the figure and the y2-test method is used in our
calculations. The dashed curves are the results of the
one-temperature emission picture from expression (2)
with 0=0.56(2 A GeV), 0.59 (4 A GeV), 0.60 (6 A
GeV) and 0.63 GeV/c (8 A GeV). One can see that
our calculated results are in good agreement with the
experimental data of the E895 Collaboration [34].

The transverse mass distributions, (1/mr)d*N/
dmrdy, of protons at the midrapidity from central
Pb-Pb collisions at 20, 30, 40, 80 and 158 A GeV
are displayed in Fig. 2. The circles are the NA49 ex-
perimental data, which are taken from Refs. [35] (20

10° —_— - - - - +

6,=0.57, 6,=0.49

2 A GeV, AutAu, protons

and 30 A GeV), [36] (40 A and 80 A GeV) and [37]
(158 A GeV). The curves represent our calculated re-
sults from expression (7) in the framework of the two-
temperature emission picture. The parameter values
by fitting the experimental data are marked in the
figure and the method of x2-testing is used in our cal-
culations. The dashed curves show the results from
expression (2) based on the one-temperature emission
picture. From 20 to 158 A GeV, we take 0=0.65, 0.66,
0.68, 0.68 and 0.69 GeV/¢, respectively. Once more,
our calculated results are in good agreement with the
NA49 experimental data [35-37].

In Figs. 1 and 2, we can see that both the
two-temperature emission picture and the one-
temperature emission picture describe the experimen-
tal data. The values of oy and o increase with the
incident energies increasing and the values of o1, do
not increase with the incident energies increasing at
80 and 158 A GeV. Based on the two-temperature
emission picture, we have taken axy=0.90, a;,=0.10.
We can say that the transverse mass distributions of
protons produced in central Au-Au collisions at AGS
energies and central Pb-Pb collisions at SPS energies
are not much affected by the hadronic resonance de-
cays.
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Fig. 1.

The transverse mass distributions of protons at the midrapidity from central Au-Au collisions at

incident energies Flan,=2, 4, 6 and 8 A GeV. The circles show the E895 experimental data [34]. The curves
and the dashed curves are our calculated results based on the two-temperature emission picture and the

one-temperature emission picture, respectively.
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Fig. 2. The transverse mass distributions of protons at the midrapidity from central Pb-Pb collisions at

incident energies Fi.,=20, 30, 40, 80 and 158 A GeV. The circles show the NA49 experimental data [35-37].
The curves and the dashed curves are our calculated results based on the two-temperature emission picture

and the one-temperature emission picture, respectively.
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Fig. 3. The transverse mass distributions of positive kaons at the midrapidity from central Au-Au collisions
at incident energies Ej,p=2, 4, 6, 8 and 10.7 A GeV. The circles show the E866 and E917 experimental data
[38]. The curves and the dashed curves are our calculated results based on the two-temperature emission

picture and the one-temperature emission picture, respectively.
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3.2 Kaons

We show in Fig. 3 the transverse mass distribu-
tions, (1/2mmy)d?N /dmrdy, of positive kaons pro-
duced at the midrapidity in central Au-Au collisions
at various incident energies F,,=2, 4, 6, 8, and
10.7 A GeV. The circles represent the experimental
data of the E866 and the E917 Collaborations [38].
The curves denote our calculated results by using ex-
pression (7) in the framework of the two-temperature
emission picture. The parameter values obtained by
fitting the experimental data are shown in the figure
and the y2-test method is used in our calculations.
The dashed curves are the result of using expression
(2) with 0=0.34 (2 A GeV), 0.36 (4 A GeV), 0.39
(6 A GeV), 0.40 (8 A GeV) and 0.43 GeV/c (10.7 A
GeV). The same conclusion from Fig. 3 as from Figs. 1
and 2 can be obtained. Expressions (2) and (7) de-
scribe the transverse mass spectra of positive kaons |

produced in central Au-Au collisions at the AGS en-
ergies.

In Fig. 4, the transverse mass distributions,
(1/mr)d®*N /dmrdy, of positive and negative kaons
produced at the midrapidity in central Pb-Pb col-
lisions at 40, 80 and 158 A GeV are given respec-
tively. The circles denote the experimental data of
the NA49 Collaboration [39]. The curves represent
our calculated results from expression (7). In the se-
lection of parameter values, the method of x2-test
is used. The obtained parameter values are marked
in the figure. The dashed curves show the results
from expression (2) and in our calculations, we take
0=0.45 (40 A GeV), 0.46 (80 A GeV), 0.46 GeV/c
(158 A GeV) for negative kaons, and 0=0.48 GeV/c
(40 A GeV, 80 A GeV and 158 A GeV) for positive
kaons. One can see that our calculated results are in
good agreement with the experimental data in central
Pb-Pb collisions at SPS energies.
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Fig. 4. The transverse mass distributions of positive and negative kaons at the midrapidity from central Pb-
PDb collisions at incident energies F1,,=40, 80 and 158 A GeV. The circles show the NA49 experimental data
[39]. The curves and the dashed curves are our calculated results based on the two-temperature emission
picture and the one-temperature emission picture, respectively.
As for protons, the contribution of the hadronic | values of o7, do not increase with the incident energies

resonance decays to the transverse mass distributions increasing.
of kaons at the midrapidity from central Au-Au col-
lisions at AGS energies and central Pb-Pb collisions
at SPS energies are smaller. The values of oy and o

increase with the incident energies increasing and the

3.3 Lambda and antilambda

Figure 5 shows the transverse mass distributions,
(1/my)d®N /dmrdy, of Lambda and Antilambda hy-
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perons produced at the midrapidity in central Pb-
PDb collisions at 40, 80, and 158 A GeV, respectively.
The circles are the NA49 experimental data [40]. The
curves are our calculated results from expressions (7)
and the y2-test method is used in the selection of pa-
rameter values. The parameter values obtained by
fitting experimental data are denoted in the figure.
The dashed curves are the results from expression (2)
based on the one-temperature emission picture, and
in our calculations we take 0=0.665 (40 A GeV), 0.69
(80 A GeV), 0.70 GeV/c (158 A GeV) for Lambda

hyperons, and 0=0.76 (40 A GeV), 0.73 (80 A GeV), |

0.71 GeV/c (158 A GeV) for Antilambda hyperons.
The same conclusion from Fig. 5, except for Lambda
hyperons at 158 A GeV, as from Figs. 1-4 can be ob-
tained, namely expressions (7) and (2) describe the
transverse mass spectra of Lambda and Antilambda
hyperons produced at the midrapidity in central Pb-
Pb collisions at SPS energies. The values of og and
o increase with the incident energies increasing for
Lambda hyperons, and for Antilambda hyperons, the
values of oy and o decrease with the incident ener-
gies increasing. The values of o1, do not depend on
the incident energies.
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Fig. 5. The same as in Fig. 4 but for Lambda and Antilambda hyperons. Data are taken from Ref. [40].
. | GeV). One can see that expression (7) describes the
3.4 Pions ) P (7)

The transverse mass distributions, (1/27tm)d*>N/
dmrdy, of positive pions produced at the midrapidity
in central Au-Au collisions at 2, 4, 6, 8, and 10.7 A
GeV are displayed in Fig. 6. The circles indicate
the experimental data of the E866 and E917 Col-
laborations [38]. The curves represent our calculated
results from expression (7) in the framework of the
two-temperature emission picture. In the selection of
parameter values, the y2-test method is used and the
obtained parameter values are marked in the figure.
The dashed curves denote the results from expression
(2) with 0=0.26 (2 A GeV), 0.27 (4 A GeV), 0.28
(6 A GeV), 0.29 (8 A GeV), and 0.30 GeV/c (10.7 A

transverse mass distributions of positive pions pro-
duced at the midrapidity in central Au-Au collisions
at AGS energies.

In Fig. 7, the transverse mass distributions,
(1/mr)d®N/dmrdy, of negative pions at the midra-
pidity from central Pb-Pb collisions at 40, 80, and
158 A GeV are given. The circles show the NA49
experimental data [39]. The curves denote our cal-
culated results from expression (7) based on the two-
temperature emission picture. The parameter values
by fitting the experimental data are indicated in the
figure and the x2-test method is used in the selec-
tion of parameter values. The dashed curves are our
calculated results from expression (2) with 0=0.25
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Fig. 6. The caption is the same as for that Fig. 3, but this shows the distributions of positive pions.
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Fig. 7. As for Fig. 4, but this shows the results of negative pions.
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(40 A GeV), 0.26 (80 A GeV), 0.28 (158 A GeV) based
on the one-temperature emission picture. The same
conclusion from Fig. 7 as from Fig. 6 can be obtained.
Expression (7) describes the transverse mass distribu-
tions of negative pions produced at the midrapidity
in central Pb-Pb collisions at SPS energies. The val-
ues of oy and o increase with the incident energies
increasing. The values of o1, do not depend on the
incident energies.

4 Conclusions and discussions

We have investigated the transverse mass distri-
butions of protons, kaons, pions, Lambda and An-
tilambda produced in central heavy-ion collisions at
AGS and SPS energies. Our results show that the
transverse mass spectra of protons, kaons, Lambda
and Antilambda, except for Lambda hyperons pro-
duced in central Pb-Pb collisions at 158 A GeV, are
not much affected by the hadronic resonance decays
and can be described by the one-temperature emis-
sion picture. It is different for pions as the transverse
mass distributions of pions from the hadronic reso-
nance decays have a higher proportion than that of
other produced particles, and we have to use the two-
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and small for pions. This indicates that the emis-
sion source temperature is high for emitting protons,
Lambda and Antilambda, medium for emitting kaons
and low for emitting pions. We can say that the pro-
tons, Lambda and Antilambda hyperons are emitted
early, the kaons are emitted late and the pions are
emitted later in the fireballs P’ and T".
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