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A short review is presented of some results related to the chemical
equilibration of hadrons in the final state of p—p and heavy ion collisions.
Expectations are discussed also for the production of more complex forms
of antimatter like antinuclei and antihypernuclei.
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1. The hadronic world

After analysing particle multiplicities for two decades a remarkably sim-
ple picture has emerged for the chemical freeze-out parameters [1,2,3]. Some
of the results, including analyses from [4,5,06, 7|, are summarised in Fig. 1.

These fit nicely on a curve corresponding to an energy per hadron E/N =
1 GeV for all beam energies [8,9]. Most of the points in Fig. 1 (except
obviously the ones at RHIC) refer to integrated (4m) yields.

The temperature at pp = 0 is remarkably close to the original Hagedorn
temperature [10, 11| obtained by simply summing the number of hadronic
resonances as shown in Fig. 2. A recent estimate of this temperature in [12]
is given by

Ty = 174 £ 11 MeV, (1)

as shown in Fig. 2. At higher masses the increase stops which is presumably
related to the difficulty in identifying heavy hadronic resonances, a situation
which will probably never be resolved experimentally.

When the temperature and baryon chemical potential are translated to
net baryon and energy densities, a different, but equivalent, picture emerges,
shown in Fig. 3. This clearly shows the importance of going to a beam
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energy region of around 8-12 GeV as this corresponds to the highest freeze-
out baryonic density and to a rapid change in thermodynamic parameters

[13,14].
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Fig. 1. Values of the freeze-out parameters obtained at beam energies ranging from
1 GeV to 200 GeV.
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Fig.2. Cumulative number of hadronic resonances as a function of m [12]. The
hadronic data include baryons, mesons and also heavy resonances made up of charm
and bottom quarks.
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Fig.3. The hadronic freeze-out line as obtained from the values of yp and T that
have been extracted from the experimental data in [3]. The calculation employs
values of ug and pg that ensure (S) = 0 and (Q) = 0.4(B) for each value of up.
Also indicated are the beam energies (in GeV /N) for which the particular freeze-out
conditions are expected at either RHIC or FAIR or NICA.

2. Antimatter

One of the striking features of particle production at high energies is
the near equal abundance of matter and antimatter in the central rapidity
region [15,16]. As is well known, a similar symmetry existed in the initial
stage of the early universe and it still remains a mystery as to how this got
lost in the subsequent evolution of the universe reaching a stage with no
visible amounts of antimatter being present.

Closely related to this matter/antimatter symmetry is the production of
light antinuclei, hypernuclei and antihypernuclei at high energies. Since the
first observation of hypernuclei in 1952 [17]| there has been a steady interest
in searching for new hypernuclei, exploring the hyperon—nucleon interaction
which is relevant (see e.g. [18,19]) for nuclear physics. Hypernuclei decay
with a lifetime which depends on the strength of the hyperon—nucleon inter-
action. While several hypernuclei have been discovered since the first obser-
vations in 1952, no antihypernucleus has ever been observed until the recent
discovery of the antihypertriton in Au+Au collisions at /syny = 200 GeV
by the STAR Collaboration at RHIC [20]. The yield of (anti)hypernuclei
measured by STAR is very large, in particular they seem to be produced
with a similar yield as other (anti)nuclei, in particular (anti)helium-3. This
abundance is much higher than measured for hypernuclei and nuclei at lower
energies [21]. It is of interest to understand the nature of this enhancement,
and for this reason the mechanism of production of (anti)hypernuclei should
be investigated.
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The thermalization assumption applies successfully to hadrons produced
in a large number of particle and nuclear reactions at different energies
(see e.g. [22,23,24]). This fact allows us to estimate thermal parameters
characterizing the particle source for each colliding system, relevant for the
understanding of the thermal properties of dense and hot matter, and in
particular for studies of QCD phase transitions. Using the parametrizations
of thermal parameters found in the THERMUS model [25, 26|, estimates
have been made of the yields of (anti)hypernuclei that can be directly com-
pared to the recently measured yields at RHIC as well as predictions of
(anti)matter and (anti)hypernuclei production at the Large Hadron Collider
(LHC) [27]. A similar analysis, not including p—p results, has been presented
recently in [28], where it was shown that ratios of hypernuclei to nuclei show
an energy dependence similar to the K+ /7T one with a clear maximum at
lower energies. A quantitative study as to how the matter/antimatter sym-
metry is reached as the beam energy is increased has been presented in [27];
estimates of ratios of hypernuclei and antihypernuclei yields in Au+Au col-
lisions at RHIC using the above mentioned parametrizations of thermal
parameters that best fit hadron production at RHIC have also been pre-
sented [27]. The analysis uses a thermal model and aims to elucidate the
production mechanism of hypernuclei and antihypernuclei in heavy ion col-
lisions at RHIC and LHC energies, thus providing insight in the surprising
increase of (anti)hypernuclei production at high energies.

3. Production of antibaryons

In heavy-ion collisions the increase in the antimatter to matter ratio
with the center-of-mass energy of the system has been observed earlier by
the NA49 [29,30] and the STAR [31] collaborations. The trend of p/p ra-
tio increase with the energy towards unity is shown in Fig. 4, where the
open squares refer to heavy ion collisions and the solid circles refer to p—p
collisions. It include results from the NA49 [29], STAR [31] and the new
results from the ALICE Collaboration [16]. The two input parameters, the
chemical freeze-out temperature T" and the baryon chemical potential up as
a function of /s are taken from Ref. [3]

T(up) = a—bph — cup (2)
with a = 0.166 =+ 0.002 GeV, b = 0.139 + 0.016 GeV—" and ¢ = 0.053 +

0.021 GeV~—3. This parametrization is similar and consistent with the one
proposed in Ref. [32]. The solid line in Fig. 4 is obtained from the
THERMUS model [25,26] using 7" from equation (1) and pup from equa-
tion (2).
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Fig.4. The p/p ratio as function of y/s. The solid circles are results from p—p
collisions and the open squares are results from HI collisions as a function of the
invariant beam energy [15, 16,29, 30, 31].

The solid circles represent up, obtained after fitting experimental data
with the THERMUS model [25,26]. The solid line is a new parametrization
adjusted for p—p collisions [27]. In view of the fact that peripheral and central
collisions show no noticeable change in the temperature, the same T" depen-
dence for p—p as in heavy ion collisions was used [27] but the dependence on
©p on beam energy is now given by

pp =d/ (1+eys) (3)

with d = 0.4 GeV and e = 0.1599 GeV~! [27].

It is important to note that up is always lower in p—p collisions than in
heavy ion collisions, e.g. the freeze-out chemical potential follows a different
pattern, due to the lower stopping power in p—p collisions.

The relation between the p/p ratio and pp can be shown easily within
the statistical concept using the Boltzmann statistics. In the calculations,
the appropriate statistics and also feed-down from strong decays are taken
into account. The density of particle ¢ is then given by

d; i
ni = o K (%) o(NBup+Nspus)/T (4)

with Np and Ng being the baryon and strangeness quantum numbers of
particle 1.
This leads to a p/p ratio of (excluding feed-down from heavier reso-
nances)
" _ —(2up)/T (5)
Tp
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The ratio of strange antibaryons/baryons is then given by

"B _ e~ (uB—Nsps)/T (6)
np
As pg is always smaller than pup, the ratios appear ordered with the
strangeness quantum number, i.e. the higher Ng, the smaller the difference
between antibaryon and baryon. This trend is shown in Fig. 5 comparing the
results from the model with experimental data [27]. The agreement between
the model results and the data is very good.
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Fig.5. Antibaryon to baryon ratios at the SPS according to strangeness content.
Circles refer to p—p collisions, squares to heavy ion collisions [27].

4. Production of nuclei, antinuclei, hypernuclei
and antihypernuclei

The production of light nuclei including hypertritons (3H) and antihy-
pertritons (?/)IH) was recently observed by the STAR Collaboration [20|. The
abundances of such light nuclei and antinuclei follows a consistent pattern
in the thermal model. The temperature remains the same as before but an
extra factor of pp is picked up each time the baryon number is increased.
Each proton or neutron thus simply adds a factor of up to the Boltzmann
factor. The production of nuclear fragments is therefore very sensitive to
the precise value of the baryon chemical potential and could thus lead to a
precise determination of up.

The ratios within the statistical approach using the grand-canonical for-
malism can be easily written, based on Eq. (4). Deuterium has an additional
neutron and the antideuterium to deuterium ratio is given by the square of
the antiproton to proton ratio

" _ ~(4up)/T | (7)
ng
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Helium 3 has 3 nucleons and the corresponding anti-helium 3 to helium 3
ratio is given by
"s$He _ ,—(6up)/T (8)
N3He

If the nucleus carries strangeness this leads to an extra factor of ug

.
Al —Gus—2us)/T ()

s
aH

In mixed ratios the different degeneracy factors are also taken into account,
e.g. 6 for :le and 2 for :le

ns
2 H

— 3¢ (6uB—ps)/T (10)
N3He

In the model like in the data the He® and He? yields have been corrected
for the part coming from hypertriton and antihypertriton decays assuming
a decay branch ratio for the decay of 25%.

In Fig. 6 a comparison is shown of the various antiparticle/particle ratios
for two different beam energies.
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Fig. 6. Comparison of two different collision energies for heavy ion collisions [27].

5. Conclusions

The thermal model is providing valuable insights in the composition of
the final state produced in heavy ion collisions and also in p—p collisions.
It shows a clear systematic way of interpreting results concerning identified
particles. The production of antimatter like antinuclei, hypernuclei and
antihypernuclei shows a new region of applications for the thermal model
which promises to be very useful.
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