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CHAPTER I

INTRODUCTION

A major topic in today’s astrophysics is to understand the composition of

neutron stars. Over the last years, it became clear that neutron stars might have

a complicated structure with different phases ranging from pure quark matter to

hyperon (a type of baryon which consists of one or more strange quark) matter

and dense baryonic matter. Thus, hyperons are likely to be present in neutron

stars in addition to nucleons and one has to consider the interactions between

all (strange and non-strange) baryons. Experimental nuclear astrophysics offers

unique possibilities to explore these questions as it allows to explore the equation

of state of dense baryonic matter and (multi-)strange baryonic matter.

There are some information from hypernuclear physics of the interactions

between hyperons (Y ) and nucleons (N), but the understanding of the interactions

between hyperons themselves is really scarce (Dover et al., 1989). The hyperon-

hyperon (Y Y ) interaction is not really well known, there are just a few double Λ

hypernuclear events (Aoki et al., 1991; Ahn et al., 2001; Takahashi et al., 2001; Gal,

2005). The interaction between other pairs of hyperons as ΛΞ or ΞΞ is not known

at all experimentally. However, the hyperon-hyperon interactions are essential for

the determination of the composition of neutron star matter, so basic hypernuclear

data can provide substantial input for the modeling of neutron star matter. The

planned PANDA (Proton ANtiproton at DArmstadt) experiment (Kotulla et al.,

2004) at the currently build Facility for Anti-proton and Ion Research (FAIR) near

GSI (Gesellschaft für SchwerIonenforschung), Darmstadt will be able to explore
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the formation and properties of ΛΛ hypernuclear systems (Pochodzalla, 2005),

which will be used to provide the important information for ΛΛ interaction as well

as the neutron star.

Given in this chapter are the overview of hypernucleus, experimental pur-

posed, the FAIR project and transport models, and the objectives and scope of

this study.

1.1 Review of hypernucleus

A hypernucleus is a nucleus which contains at least one hyperon in addition

to nucleons, or one can say that, it is a nucleus which an up (u) or down (d) quark

is replaced by a strange (s) quark. That means the strangeness quantum number

is involved in the nucleus. This kind of nucleus offers a variety of new and exciting

perspectives in nuclear spectroscopy and for studying the forces among hyperons

and nucleons. Also it is expected to provide new insights into the properties of

neutron stars.

The hypernucleus was first proposed in October 1952 by Polish physicists

Marion Danysz and Jerzy Pniewski (Danysz and Pniewski, 1953). It has been

observed in a high energy interactions between cosmic ray and a heavy emulsion

nucleus which emits a multiply charged fragment. Then a very similar event had

been found at Imperial College London (Tidman et al., 1953). In 1954 the first

complete event was found as the process of

3
ΛH → π− + 3 He,

and was confirmed that the bound particle was a Λ hyperon (Bonetti et al., 1954).

Later the productions of hypernucleus were measured by several ways, for

example, by accelerating the proton and pion beams. With these ways the rate
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Table 1.1 Comparison of hypernucleus 4
ΛH production rates obtained by the KEK

at Japan (Tamura et al., 1989) and the European K− collaboration (Davis, 1991).

KEK at Japan European K− collaboration

Target Rate (×10−3) Target Rate (×10−3)

7Li 30

9Be 15.7

12C 10.0 C, N, O 7.3

16O 4.7

40Ca <2.7 Ag, Br 2.4

of hypernucleus productions were low and too much background were occurred.

In the late of 1950s the separated beam of K− was used to obtains the copious

of hypernucleus production with little background. The properties of lightest

hypernucleus were studied at this time by stopping K− mesons in a helium bubble

chamber.

Review of hypernucleus 4
ΛH production rates, by stopping K− mesons, are

shown as Table 1.1. In this table, the production rates obtained by the KEK at

Japan (Tamura et al., 1989) are compared with the European K− collaboration

(Davis, 1991). Table 1.2 depicts the rates of hypernucleus 3
ΛH and 5

ΛH productions

obtained by the European K− collaboration (Davis, 1991).

In 1963 the double hypernucleus, 10
ΛΛBe, was first discovered by Danysz and

Pniewski (Danysz et al., 1963a; Danysz et al., 1963b). Three years later, the

6
ΛΛHe was indirectly observed and reported in (Prowse, 1966). The production of

ΛΛ hypernucleus were still ambiguous until the first directly observation in year

1991 by the physicists at KEK (High Energy Accelerator Research Organization),
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Table 1.2 Rates of hypernucleus 3
ΛH and 5

ΛH productions obtained by the Euro-

pean K− collaboration (Davis, 1991).

Target 3
ΛH rate (×10−3) 5

ΛH rate (×10−3)

C, N, O 1.62 21.6

Ag, Br 0.54 1.4

Tsukuba, Japan (Aoki et al., 1991). They observed the 10
ΛΛBe and 13

ΛΛB from the

reactions:

Ξ− +12 C → 10
ΛΛBe +3 H

10
ΛΛBe → 10

Λ B + π−

10
Λ B → 3He +4 He +1 H + 2n ... ,

and

Ξ− +14 N → 13
ΛΛB +1 H + n

13
ΛΛB → 13

Λ C + π−

13
Λ C → 3He +4 He +4 He + 2n ... .

Note that the Ξ−s were produced from the (K−, K+) reactions.

Recently, another kind of ΛΛ hypernucleus, 4
ΛΛH, were observed by the

experiment E906 at Brookhaven-AGS (alternating gradient synchrotron), USA

(Ahn et al., 2001). Within this experiment the produced hypernucleus was decayed

by the processes:

4
ΛΛH → 4

ΛHe∗ + π−L

4
ΛHe∗ → 3

ΛH + p

3
ΛH → 3He + π−H ,
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where the π−L and π−H are the pions with lower momentum and higher momentum

respectively. These two pions are the important key for the measurement technique

because each pion associated with one unit of strangeness change.

Moreover the next example of ΛΛ hypernucleus is 6
ΛΛHe reported by the

experiment E373 at KEK (Takahashi et al., 2001). The experiment has been

performed by using the K− beam of 1.66 GeV/c collides with the diamond target

in order to produces the Ξ− particles. Then the 6
ΛΛHe is created from the reaction:

Ξ− +12 C → 6
ΛΛHe +4 He + ... ,

where 6
ΛΛHe →5

Λ He + p + π−.

Up to now the world experimental data on ΛΛ hypernucleus is very limited.

It’s observation were also reported with low statistics. To gain new insights, the

study of ΛΛ hypernucleus is one of the research directions which will be explored

at the Facility for Antiproton and Ion Research (FAIR) with the PANDA experi-

ment. Next section the experimental purposed, which will be used to explore the

production of ΛΛ hypernucleus, is reviewed.

1.2 Experiments proposed by Pochodzalla

In this section we review an idea proposed by Pochodzalla to use anti-proton

induced reactions in order to obtain a beam of Ξs or Ωs which are then directed at

a secondary target to produce a multi-hyper-nucleus, see Fig. 1.1 for a schematical

illustration. The high energy storage ring (HESR), one of the major components

of the proposed international facility at FAIR (GSI), will provide antiprotons with

high luminosity which have momenta between 1.5 and 15 GeV/c and are phase

space cooled (GSI, 2001). At the HESR facility the detector PANDA (Proton

ANtiproton at DArmstadt) is expected to concentrate amongst others on high
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Figure 1.1 Steps of the proposed reaction in the case of double hypernucleus

production.

resolution spectroscopy of double hypernuclei. In order to take into account a

wide range of energies together with a full angular coverage with high resolution,

this proposed detector combines two spectrometers: a target spectrometer and a

forward dipole spectrometer. It is sufficiently flexible to be used for different exper-

imental purposes, e.g., experiments with strange double-hypernuclei and Ω-atoms.

Details concerning the tracking and identification of the produced particles have
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been discussed in Ref. (Pochodzalla, 2005). The production of hypernuclei and

hyperatoms at HESR will use ΞΞ̄ and ΩΩ̄ pair production close to threshold in

antiproton nucleus collisions in order to minimize the background from associated

particles. The trigger will be based on the detection of high momentum antihy-

perons at small angles or of positive kaons produced by the antihyperons absorbed

in a primary target nucleus. In the second step of the experiment, the Ξ (Ω) in-

side this nucleus are decelerated and subsequently absorpted in a secondary active

target whose geometry is determined by the short mean life time of the Ξ of only

0.164 ns. The distance between the primary and the secondary target (absorber)

has to be chosen in the right manner to guarantee that Ξs (and Ωs) with low and

high momenta are fully stopped in the absorber before they decay. In order to

track the stopped Ξ and the charged fragments resulting from the decay of the

produced hypernuclei, it is planned to sandwich the absorber with solid state pixel

or strip detectors. In combination with an efficient germanium array, the novel

solid-state tracking system proposed by Pochodzalla (Pochodzalla, 2005) together

with the high luminosity beam of antiprotons from the planned HESR opens the

oportunity for high resolution γ-spectroscopy of ΛΛ-hypernuclei and Ω-atoms at

the PANDA experiment of the future international accelerator facility at FAIR

(GSI). The overview of the FAIR project will be shown in the next section.

1.3 The FAIR project

The FAIR project is a new international research facility at GSI which

located in Darmstadt, Germany. There are 14 states of partner involved in this

project. The estimated total cost of the facility is 675 Million Euro. The principle

goal of the project is to perform future forefront research in the sciences concerned

with the basic structure of matter, and in intersections with other fields. It can
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be described by the following widely objectives (GSI, 2001):

• investigations with beams of short-lived radioactive nuclei, addressing im-

portant questions concerning nuclei far from stability, areas of astrophysics

and nucleosynthesis in supernovae and other stellar processes, and tests of

fundamental symmetries,

• the study of hadronic matter at the sub-nuclear level with beams of an-

tiprotons, in particular of the following two key aspects: confinement of

quarks and the generation of the hadron masses, the latter being intimately

connected to the spontaneous breaking of chiral symmetry, a fundamental

property of strong interactions,

• the study of compressed, dense hadronic matter through nucleus-nucleus

collisions at high energies,

• the study of bulk matter in the high-density plasma state, a state of matter

of interest for inertial confinement fusion and various astrophysical settings,

• studies of Quantum Electrodynamics (QED), of extremely strong (electro-

magnetic) field effects, and of ion-matter interactions.

To satisfy these goals, the FAIR will provide the high intensity and high

quality of both primary and secondary beams. These include beams of short-lived

(radioactive) nuclei and beams of antiprotons.

An illustration of the exiting GSI facility and the new FAIR facility is shown

in Fig. 1.2. Blue is represented for the exiting GSI facility including the linear

accelerator UNILAC, the heavy-ion synchrotron SIS18 and the experiment storage

ring (ESR). The new FAIR facility is illustrated by red color involving the double-

ring synchrotron SIS100/200, the high-energy storage ring (HESR), the collector
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Figure 1.2 The existing GSI facility (blue) and the new FAIR facility (red) (GSI,

2001).

ring (CR), the new experiment storage ring (NESR) and the super-conducting

fragment separator (Super-FRS). One can see in appendix A for more details.

The productions of ΛΛ hypernucleus will be investigated in the PANDA at

the HESR by antiproton-nucleus collisions. Here the process for antiproton beam

production is illustrated in Fig. 1.3. As seen in this figure the 50 MeV proton

beam (orange line) from proton linac can be accelerated with energy up to 2 GeV

at the SIS18 then injected into the SIS100. At SIS100 the proton beam can be
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Figure 1.3 Layout of the antiproton beam (orange dashed line) production by

proton beam (orange line) collide with the nuclear target (GSI, 2001).

accelerated up to the energy of 29 GeV then collide with nuclear target in order

to produce antiproton beam (orange dashed line). Next the produced antiproton

beam will be accumulated in CR/NESR. Later the accumulated antiproton in the

NESR will be transferred to the SIS100, to be accelerated up to 14 GeV. Finally

it will be injected into a HESR, to perform experiments with an internal target.

1.4 Review of transport models

As mention above, the study of p̄+A collision give many important result

in hypernucleus studies. To understand each process, we use theoretical model

to explain the collision. There are many kind of model before Ultrarelativistic

Quantum Molecular Dynamics model (UrQMD) (Bass, Belkacem, Bleicher et al.,

1998). Here, we would like to give a short review of some important model such

as Boltzmann Uehling Uhlenbeck model (BUU), Vlasov Uehling Uhlenbeck model

(VUU) (Aichelin, Peilert, Bohnet, Rosenhauer, Stoecker and Griner, 1998; Kruse,

Jacak, Molitoris, Westfall and Stoecker, 1985) and others.
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In the early 1933, E.A. Uhling and G.E. Uhlenbeck used Uhling Uhlenbeck

equation (Uhling and Uhlenbeck, 1933) to study nuclear collisions. Later, BUU

model (Aichelin, Peilert, Bohnet, Rosenhauer, Stoecker and Griner, 1998) was

used in studying the evidence of heavy ion collision and considered the production

of medium mass cluster with atomic number between 5 and 30 and the incident

particle energy more than 25 MeV/nucleon. But the results form BUU model do

not fit with the exact data because it used only classical potential.

In 1985, Vlasov had developed the VUU model (Kruse, Jacak, Molitoris,

Westfall and Stoecker, 1985) which had the same objective as BUU model with

the attempt to describe each particles after collisions and consider potential in the

form of mean field potential. However, the mean field potential is not completed

since it does not cover the effect of many body collisions. Therefore the results

from VUU model can not match the experimental data.

Another approach to study the collision is by using microscopic model

such as Time Dependent Hartree-Fock (TDHF) (Bonche, Koonin and Negele,

1976), Classical Molecular Dynamics model (CMD) (Bodmer and Panos, 1977)

and Quantum Molecular Dynamics model (QMD) (Aichelin, 1991). Time Depen-

dent Hartree-Fock (Bonche, Koonin and Negele, 1976) is suggested by Dirac using

the idea of explaining the collisions in term of parameter density and temperature.

Next, Classical Molecular Dynamics model (CMD) (Bodmer and Panos,

1977) is another microscopic model which can be used to find cross-section. To

obtain the cross-section in CMD, it is necessary to know interaction force between 2

nucleon and many value such as momentum which can be calculated from equation

of motion of incident nucleon. However, the CMD can not give exact data if the

energy of particle is greater than 100 MeV. To improve the CMD model we move

onto quantum mechanics by representing each nucleon by Gaussian wave function
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and considering the interaction only two and three particle. This new model is

called Quantum Molecular Dynamics model (QMD) (Aichelin, 1991). The validity

of this model is in the intermediate energy between 100 MeV to 2 GeV.

If the energy is higher than 2 GeV, we have to include relativistic effect

into the model. The model is now become Ultrarelativistic Quantum Molecular

Dynamics model (UrQMD) (Bass, Belkacem, Bleicher et al., 1998; Bleicher et al.,

1999).

Again, we will give briefly details of the measurements which are done at

heavy ion facilities in three energy regimes: i) energy about 1 AGeV at BEVALAC

in Berkeley, USA or SchwerIonenSynchrotron (SIS) at GSI-Darmstadt, Germany;

ii) energy about 2-15 AGeV at the Alternating Gradient Synchrotron (AGS), in

Brookhaven; iii) at the Super Proton Synchrotron (SPS) in CERN, energy about

40-200 AGeV. In the future, much higher energies will be available at the Rela-

tivistic Heavy Ion Collider (RHIC) in Brookhaven (
√

s ≈200 AGeV) and the Large

Hardron Collider (LHC) in CERN (
√

s ≈6 ATeV).

1.5 Research objectives

1. To examine the threshold energy of ΞΞ̄ productions.

2. To find out the properties of triggers.

3. To study the deceleration mechanism of Ξ inside the primary nucleus.

4. To study the capture of Ξ in the secondary nucleus.
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1.6 Scope and limitations of the study

We study antiproton-nucleus (p̄+A) collisions in the ultrarelativistic quan-

tum molecular dynamics model to find out the ΞΞ̄ productions and their proper-

ties. The collision energies are close to the threshold energy of ΞΞ̄ productions.

We also compare our theoretical results with experimental data.

This thesis is structured as follows: Chapter II gives a description of the

UrQMD model which is used in this work. In the Chapter III shows the results of

antiproton-nucleus collisions for strange and non-strange particle production which

are compared with the experimental data. Chapter IV depicts the predictions on

the double Λ hypernucleus productions. The last chapter (Chapter V) gives our

conclusions.



CHAPTER II

THE UrQMD MODEL

As mentioned before, the Ultra-relativistic Quantum Molecular Dynamics

(UrQMD) model will be used in this work. This model has been developed over

ten years by hundreds of physicists since it was initiated by Frankfurt Heavy-Ion

Group, Institute for Theoretical Physics, Frankfurt University. The main goals are

to gain understandings, within a single transport model, of the following physical

phenomena such as: creation of dense hadronic matter at high temperatures;

properties of nuclear matter, delta and resonance matter; creation of mesonic

matter and of anti-matter; creation and transport of rare particles in hadronic

matter; creation, modification and destruction of strangeness in matter; emission

of electromagnetic probes. The model describes the relativistic heavy ion collisions

in the energy range from AGS (Alternating Gradient Synchrotron, Brookhaven)

up to SPS (Super Proton Synchrotron, CERN) and RHIC (Relativistic Heavy Ion

Collider, Brookhaven).

In this chapter, we begin by describing the projectile and target nuclei of

the collisions defined by the UrQMD model. Then in section 2.2 we explain the

potentials used in this model. Finally, at the end of this chapter we present 55

baryon species, 32 meson species, the cross section of p̄p collisions and the string

model which well be used later in chapter III.
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2.1 Initialization

In the UrQMD model (Bass et al., 1998; Bleicher et al., 1999; Petersen et al.,

2008), the nucleon are expressed in term of Gaussian shaped density distributions,

ϕj(
⇀
xj, t) =

(
2α

π

) 3
4

exp

{
−α

(
⇀
xj − ⇀

r j (t)
)2

+
i

~
⇀
pj (t) · ⇀

xj

}
(2.1)

and the wave function of the nucleus are written in term of the product wave

function of the single nucleon Gaussian

Φ =
∏

j

ϕj(
⇀
xj,

⇀
pj, t). (2.2)

Each initialized nucleus must satisfy the following conditions:

• ∑
i

⇀
q i = 0, i.e., it is concentrated in configuration space around 0

• ∑
i

⇀
v i = 0, i.e., the nucleus is at rest

• its binding energy should agree with the value given by the Bethe-Weizsacker

formula,

• the radius should depend on mass number

R(A) = r0

[
1

2

{
A +

(
A

1
3 − 1

)3
}] 1

3

(2.3)

and have a suitable surface-thickness,

• in its center, the nucleus should have nuclear matter ground state density.

The radius r0 is defined in term of a function of the nuclear matter ground state

density (ρ0) which is used in the UrQMD model:

r0 =

(
3

4πρ0

) 1
3

. (2.4)
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The initial momenta of the nucleons are randomly chosen from 0 to the local

Thomas-Fermi-momentum,

pmax
F = ~c

(
3π2ρ

) 1
3 (2.5)

where ρ is local proton density.

The interactions include non-relativistic density-dependent Skyrme poten-

tial with additional Yukawa and Coulomb potentials. Momentum dependent po-

tentials are not used, while Pauli-potential, may be included optionally.

2.2 Equations of motion

In this section the potential and kinetic terms which are important parts in

Hamiltonion are introduced. First, the potential parts are the Skyrme, Yukawa,

Coulomb and Pauli potential. Then in the second part, the complete Hamiltonion

of UrQMD is given. Eq. (2.1) gives the nucleon- or baryon-density,

%j(
⇀
xj, t) =

(
2α

π

) 3
2

exp

{
−2α

(
⇀
xj − ⇀

r j (t)
)2

}
(2.6)

where
⇀
xj and

⇀
r j (t) are the quantum mechanical position variable and the clas-

sical parameter of the Gaussian respectively. The Skyrme-Potential (momentum-

dependence and spin-exchange has been neglected) is

V Sk =
1

2!
t1

∑

j,k

δ
(

⇀
xi − ⇀

xk

)
+

1

3!
t2

∑

j,k,l

δ
(

⇀
xj − ⇀

xk

)
δ
(

⇀
xj − ⇀

xl

)
(2.7)

where in order to exclude self-interactions, all terms where at least two indices are

identical, are discarded in the prime sum. This potential composes of a sum of

two- and a three-body interaction terms. The first term, which is the two-body

term, is responsible for the long range attractive component of the nucleon-nucleon

interaction and the second term is responsible for the short range repulsive part
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of the interaction. The two-body Skyrme potential of particle j is obtained by

putting Eq. (2.1) into the first term of Eq. (2.7),

V Sk2
j =

N∑

k

∫
d

⇀
xjd

⇀
xkϕ

∗
j

(
⇀
xj

)
ϕ∗k

(
⇀
xk

)
t1δ

(
⇀
xj − ⇀

xk

)
ϕj

(
⇀
xj

)
ϕk

(
⇀
xk

)
,

V Sk2
j = t1

N∑

k

(α

π

) 3
2
exp

{
−α

(
⇀
r j − ⇀

rk

)2
}

,

V Sk2
j = t1%

int
j

(
⇀
r j

)
.

(2.8)

In the last line of Eq. (2.8), the interaction density was introduced. It has the

same form as nucleon density (2.6) which is obtained from the Wigner-transform

of the Gaussian (2.1), but omits the nucleon at the location j and its Gaussian

has twice the width of that used in equation (2.6). The three-body potential for

particle j can be obtained in the same way as Eq. (2.8)

V Sk3
j =

1

2!

N∑

kl

∫
d

⇀
xjd

⇀
xkd

⇀
xlϕ

∗
j

(
⇀
xj

)
ϕ∗k

(
⇀
xk

)
ϕ∗l

(
⇀
xl

)

×t2δ
(

⇀
xj − ⇀

xk

)
δ
(

⇀
xj − ⇀

xl

)
ϕj

(
⇀
xj

)
ϕk

(
⇀
xk

)
ϕl

(
⇀
xl

)

V Sk3
j = t2

1

2!

N∑

kl

(
4α2

3π2

) 3
2

× exp

{
−2

3
α

((
⇀
r j − ⇀

rk

)2

+
(

⇀
rk − ⇀

r l

)2

+
(

⇀
r l − ⇀

r j

)2
)}

.

(2.9)

From the Eq. (2.9), if we considered the infinite nuclear matter case, the individual

relative distances should approximately equal to their average value. Therefore,

the relative distance of particle k and l may be replaced by the average of the

other two relative distances

V Sk3
j ≈ t2

1

2!

N∑

kl

(
4α2

3π2

) 3
2

exp

{
−α

((
⇀
r j − ⇀

rk

)2

+
(

⇀
r l − ⇀

r j

)2
)}

. (2.10)

Eq. (2.10) can be rewritten as Eq. (2.11) using the definition of interaction density

from Eq. (2.8).

V Sk3
j ≈ t23

− 3
2

(
%int

j

)2
. (2.11)
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The differences between Eq. (2.8) and (2.11) are the coefficient and the power of

the interaction density term,

V Sk3
j ≈ tγ (γ + 1)−

3
2
(
%int

j

)γ
. (2.12)

Expression (2.12) is a generalized form of the three body interaction. It is always

used in the UrQMD model. When γ=2, the equation above turns to the interaction

of three body term.

The Yukawa, Coulomb, and (optional) Pauli potentials can be written in

term of two-body interactions which are shown in Eq. (2.13), (2.14) and (2.15),

respectively.

V ij
Y uk = V Y uk

0

exp
{
−

∣∣∣⇀
r i − ⇀

r j

∣∣∣ /γY

}
∣∣∣⇀
r i − ⇀

r j

∣∣∣
(2.13)

V ij
Coul =

ZiZje
2

∣∣∣⇀
r i − ⇀

r j

∣∣∣
(2.14)

V ij
Pau = V 0

Pau

(
~

q0p0

)3

exp




−

∣∣∣⇀
r i − ⇀

r j

∣∣∣
2

2q2
0

−

∣∣∣⇀
pi − ⇀

pj

∣∣∣
2

2p2
0





δτiτj
δσiσj

(2.15)

where γY is a parameter given in Table (2.1), Zj represents its charge, τj is isospin

and σj is the spin of particle j .

For the infinite nuclear matter, the contribution of the Yukawa-potential for

the total energy has the same linear density-dependence as the two-body Skyrme-

contribution. As a result all parameter sets which satisfy the following relation for

the parameter t1 yield the same equation of state in infinite nuclear matter

1

2
t1 + 2πV Y uk

0 γ2
Y = const. (2.16)

For finite nuclei, the parameter of Yukawa potential are the same without changing

the equation of state.
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Finally, we get the classical UrQMD Hamiltonian which covers the motion

of the parameters,
⇀
r j and

⇀
pj, of the wave-functions as

HUrQMD =
N∑

j=1

Ekin
j +

1

2

N∑
j=1

N∑

k=1

(
ESk2

jk + EY ukawa
jk + ECoulomb

jk + EPauli
jk

)

+
1

6

N∑
j=1

N∑

k=1

N∑

l=1

ESk3
jkl

(2.17)

where the kinetics term is

Ekin
j =

√
p2

j + m2
j (2.18)

and the two body Skyrme is

ESk2
jk = t1

(α

π

) 3
2
exp

{−αr2
jk

}
(2.19)

and the three body Skyrme is

ESk3
jkl = tγ

(
4α2

3π2

) 3
2

exp
{−α

(
r2
jk + r2

jl

)}
. (2.20)

The Yukawa potential is

EY ukawa
jk = V Y uk

0

1

2rjk

exp

{
1

4αγ2
Y

}
×

[
exp

{
−rjk

γY

}

(
1− erf

(
1

2γY

√
α
−√αrjk

))

− exp

{
rjk

γY

} (
1− erf

(
1

2γY

√
α

+
√

αrjk

))]
(2.21)

and the Coulomb potential is

ECoulomb
jk =

ZiZje
2

rjk

erf
(√

αrjk

)
(2.22)

and the Pauli potential is

EPauli
jk = V 0

Pau

(
~

p0q0

)3 (
1 +

1

2αq2
0

)− 3
2

× exp

{
− αr2

jk

2αq2
0 + 1

− p2
jk

2p2
0

}
δτjτk

δσjσk

(2.23)
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Table 2.1 Parameters of the hard equation of state implemented in the UrQMD

model, with and without Pauli-potential.

parameter without Pauli-potential with Pauli-potential

α(fm−2) 0.25 0.1152

t1(MeV fm3) -7264.04 -84.5

tγ(MeV fm6) 87.65 188.2

γ 1.675 1.46

V Y ukawa
0 (MeV fm) -0.498 -85.1

γY 1.4 1.0

V Pauli
0 (MeV ) - 98.95

q0(fm) - 2.16

p0(MeV/c) - 120

with

rjk =
∣∣∣⇀
r j − ⇀

rk

∣∣∣ (2.24)

and

pjk =
∣∣∣⇀
pj − ⇀

pk

∣∣∣ . (2.25)

In the UrQMD model only hard equation of state has been implemented and all

parameters used are listed in Table 2.1. At present the generalization of two body

forces to the relativistic region is not fully incorporated.

Note that these potential interactions are used in the model with relative

momenta ∆p < 2 GeV/c. For the hadronic collisions with ∆p > 2 GeV/c the

potential interactions are omitted.
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2.3 Cross sections

In each collisions, there are many kinds of particle being produced. The

UrQMD model has capability to identify 55 different of baryon species (including

nucleon, delta, hyperon and their resonances) with masses up to 2.25 GeV/c2 and

32 different of meson species (including strange meson and its resonances). Their

anti-particle and isospin-projected states can also be determined. Table 2.2 shows

6 types of baryons and their corresponding masses which can be found in the

UrQMD. In Table 2.3, the meson and meson resonances, arranged by their spin

and parity are given. The states listed can either be produced in string decays or

resonance decays which will be described in the subsequent section.

The condition for hadron collision is

d <

√
σtot

π
(2.26)

where d represents the distance between two hadrons and σtot is total cross section

of the two hadrons.

Within the UrQMD model the energy dependent cross sections of hadron-

hadron interactions are importance and can be applied as basic input in the model.

To weigh the difference decay channels the partial cross sections are used. In this

section the important cross sections of baryon-antibaryon (BB̄), baryon-baryon

which used in this model, are displayed. For baryon-meson and meson-meson

cross sections, one can see in (Bass et al., 1998; Bleicher et al., 1999). In case

of unknown cross section, the additive quark model will be useful and briefly

described in this section.
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Table 2.2 Baryons and baryon-resonances included into the UrQMD model.

Through baryon-antibaryon symmetry the respective antibaryon states are in-

cluded as well.

Nucleon Delta Lambda Sigma Xi Omega

N938 ∆1232 Λ1116 Σ1192 Ξ1315 Ω1672

N1440 ∆1600 Λ1405 Σ1385 Ξ1530

N1520 ∆1620 Λ1520 Σ1660 Ξ1690

N1535 ∆1700 Λ1600 Σ1670 Ξ1820

N1650 ∆1900 Λ1670 Σ1750 Ξ1950

N1675 ∆1905 Λ1690 Σ1775 Ξ2030

N1680 ∆1910 Λ1800 Σ1915

N1700 ∆1920 Λ1810 Σ1940

N1710 ∆1930 Λ1820 Σ2030

N1720 ∆1950 Λ1830

N1900 Λ1890

N1990 Λ2100

N2080 Λ2110

N2190

N2200

N2250

2.3.1 Baryon-antibaryon

One of the most importance of baryon-antibaryon interactions is the total

cross-section which comes from the process of annihilation when energies plab =

100GeV/c. The earlier experiments on p̄p-annihilation revealed a number of differ-
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Table 2.3 Mesons and meson-resonances, sorted with respect to spin and parity,

included into the UrQMD model.

0−+ 1−− 0++ 1++ 1+− 2++ (1−−)∗ (1−−)∗∗

π ρ a0 a1 b1 a2 ρ1450 ρ1700

K K∗ K∗
0 K∗

1 K1 K∗
2 K∗

1410 K∗
1680

η ω f0 f1 h1 f2 ω1420 ω1662

η′ φ f ∗0 f ′1 h′1 f ′2 φ1680 φ1900

ences from the non-annihilation channels. It is not fully understood whether they

come from the kinematic restrictions on the available phase space, or related to dy-

namical differences between the non-annihilation and annihilation mechanisms. In

the experimental results (Zabrodin et al., 1995) the comparison between pp inter-

actions and non-annihilation p̄p interactions at 32 GeV/c supported the conclusion

of equivalence of pp interaction and non-annihilation p̄p interaction processes.

The UrQMD parameters are obtained from fitting the experimental data.

For p̄p cross section, the data from Barnett’s experiment (Barnett et al., 1996b) are

used. Fig. 2.1 shows the UrQMD parameterizations comparing to the experiment

(Barnett et al., 1996a). The total p̄p cross-sections correspond to a solid line. The

annihilation cross-sections are exhibited by a dash line and elastic cross-sections

are represented by a dot line.

In UrQMD model the p̄p total and elastic cross section derive from the

CERN/HERA parameterizations and the annihilation cross section come from

the Koch and Dover parameterizations.

The total and elastic p̄p cross-sections is given by

σ (p) = A + Bpn + C ln2(p) + D ln(p) (2.27)
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Figure 2.1 The p̄p cross-section as compared to the experimental data (Barnett

et al., 1996a) on total (open circles), elastic (open squares), and annihilation (open

triangles) cross-sections. The diffractive cross-section is assumed to be a difference

between the total cross-section and the sum of the elastic and annihilation cross-

section.

where p represents the laboratory-momentum in unit of GeV/c, σ represents the

cross-section in unit of millibarn (mb). A, B, C and D are parameters which are

some number show in Table 2.4.

For plab < 5GeV/c, UrQMD uses another parameterization to obtain the

total and elastic cross section which are shown in Eq. (2.28) and (2.29), respec-
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Table 2.4 Parameters for the CERN/HERA parameterization for the total and

elastic antiproton -proton cross-sections. This parameterization is used in UrQMD

for momenta plab >5GeV/c.

σ A B C D n

total 38.4 77.6 0.26 -1.2 -0.64

elastic 10.2 52.7 0.125 -1.28 -1.16

tively.

σtot(p) =





75.0 + 43.1p−1 + 2.6p−2 − 3.9p : 0.3 < p < 5

271.6 exp(−1.1p2) : p < 0.3
(2.28)

σel(p) =





31.6 + 18.3p−1 − 1.1p−2 − 3.8p : 0.3 < p < 5

78.6 : p < 0.3
(2.29)

The p̄p annihilation cross-section is given by Koch and Dover (Koch and

Dover, 1989)

σp̄p
ann = σN

0

s0

s

[
A2s0

(s− s0)
2 + A2s0

+ B

]
(2.30)

where σN
0 = 120 mb, s0 = 4m2

N , A=50 MeV and B=0.6.

In theory, the sum of annihilation and elastic cross-sections should be equal

to the total cross-section. However, from experiment, the sum of annihilation and

elastic cross-sections is smaller than the total cross section

∆σ = σtot − σel − σann (2.31)

The value of ∆σ is interpreted as the diffractive cross-section which de-

scribes the excitation at least one of the collision particles to a resonance or to a

string via Pomeron exchange.
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2.3.2 Baryon-baryon

In UrQMD the particles can be produced via the decay of a baryon reso-

nance or meson resonance or via a string excitation and fragmentation. At the

incident beam energies up to 8–10 GeV/nucleon the resonance decays is dominated

for particle production. For the reaction A+C → D+E, the total baryon-baryon

cross-section is written as the form

σBB
tot (

√
s) ∝ (2SD + 1)(2SE + 1)

〈pD,E〉
〈pA,C〉

1

s
|M(D,E)|2 , (2.32)

where Si is the spins of the particles and |M|2 is the matrix element. Here the

matrix element |M|2 is a function of of masses of outgoing particles (D, E). The

< pi,j > are the momenta of the pairs of particles in the two-particle rest frame

defined as

〈pi,j(
√

s)〉 =
1

2
√

s

√
(s− (mi + mj)2) (s− (mi −mj)2) . (2.33)

A detailed comparison on the baryon-baryon cross sections between the UrQMD

and the experimental data (Barnett et al., 1996a) can be seen in (Bleicher et al.,

1999).

2.3.3 The additive quark model

The additive quark model (AQM) (Close, 1979; Perkin, 1987) is used to

calculate the unknown cross-sections. To calculate the unknown cross section one

needs to know the cross-sections of the quark interactions, which can be evaluated

from the quark masses. Next by assuming that a 40% reduced s-quark cross-

section (compared to that of u- and d-quark), the unknown total cross-section

of the high energy reaction can be calculated. Derived from the Regge theory

(Goulianos, 1983), the elastic cross-section has the form:

σelastic = 0.039σ
3
2
total [mb] , (2.34)
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with

σtotal = 40

(
2

3

)m1+m2
(

1− 0.4
s1

3−m1

)(
1− 0.4

s2

3−m2

)
[mb] , (2.35)

where mi = 1(0) for particle i being a meson (a baryon) and si is the number of

strange quarks in particle i. For the meson-baryon and meson-meson interactions,

their cross-sections are re-scaled by

σX1X2(
√

s) =
σπN(

√
s)

σAQM
πN

σAQM
X1X2

. (2.36)

Note that the non-strange baryon cross-sections are not treated via the additive

quark model because they have an explicit energy dependence in line with exper-

imental data.

2.4 Reaction channels

At high energy, the range of energy from the SIS (
√

s ' 2 GeV) up to the

RHIC (
√

s ' 200 GeV), a huge number of different particle types can be produced

and can interact further with each other. In this range of energy the potentials,

which introduced in section 2.2, can be omitted. At energy lower than
√

s = 5 GeV

for baryon-baryon and 3 GeV for meson-baryon and meson-meson, the particles

mainly produced via the production and decay of resonances. However, above 3.5

GeV the contribution of cross sections become less important because the string

and multiple decay channels open and allow for multiple resonance production.

In this section, the ways of particle production at high energy via baryon-

baryon collisions are explained as the subsection resonances. Moreover the particle

production at high energy regime and from baryon-antibaryon production can be

described in the string model.
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2.4.1 Resonances

To produce the baryon resonances, one has to consider the two different

ways:

i) hard production: N+N→ ∆N, ∆∆, N∗N, etc.

ii) soft production: π−+p→ ∆0, K−+p→ Λ∗... .

Here the cross sections for the non-strange processes, NN → N∆1232, NN →
NN∗, NN → N∆∗, NN → ∆1232∆1232, NN → ∆1232N

∗ and NN → ∆1232∆
∗,

are included in order to produce resonances particles. After the numbers of the

excited resonance has been assigned, its mass and properties must be determined.

Table 2.5 shows the masses in unit of GeV/c2, widths in unit of MeV and branching

ratios of non-strange baryon-resonances which used in the UrQMD model. Also the

properties of single- and double-strange baryon resonances are listed respectively

in Table 2.6 and 2.7. For the meson-resonances one has to see in (Bass et al.,

1998). Note that the strange particles can be produced by the soft production, for

example, K− + p → Λ∗ + X, etc.

2.4.2 Strings

To describe the baryon-antibaryon annihilation and the particles production

at high energy, the string model (Andersson et al., 1982) is applied and included

in the UrQMD model. The string model is originated from the idea that at suf-

ficiently large distances the color field between two quarks or anti-quarks can be

transformed into the color string. In baryon-baryon interaction strings between

quark qi and diquark qqi from the same baryon are produced. Also for meson-

meson interaction the string between quark qi and antiquark q̄i are produced from

the same meson. As the same way as baryon, the string between antiquark q̄i



29

Table 2.5 Masses (GeV/c2), widths (MeV) and branching ratios of non-strange

baryon-resonances in UrQMD. All parameters are within the range given by the

Review of Particle Properties (Barnett et al., 1996a).

resonance mass width Nγ Nπ Nη Nω N% Nππ ∆1232π N∗
1440π ΛK

N∗
1440 1.440 200 0.70 0.05 0.25

N∗
1520 1.520 125 0.60 0.15 0.25

N∗
1535 1.535 150 0.001 0.55 0.35 0.05 0.05

N∗
1650 1.650 150 0.65 0.05 0.05 0.10 0.05 0.10

N∗
1675 1.675 140 0.45 0.55

N∗
1680 1.680 120 0.65 0.20 0.15

N∗
1700 1.700 100 0.10 0.05 0.05 0.45 0.35

N∗
1710 1.710 110 0.15 0.20 0.05 0.20 0.20 0.10 0.10

N∗
1720 1.720 150 0.15 0.25 0.45 0.10 0.05

N∗
1900 1.870 500 0.35 0.55 0.05 0.05

N∗
1990 1.990 550 0.05 0.15 0.25 0.30 0.15 0.10

N∗
2080 2.040 250 0.60 0.05 0.25 0.05 0.05

N∗
2190 2.190 550 0.35 0.30 0.15 0.15 0.05

N∗
2220 2.220 550 0.35 0.25 0.20 0.20

N∗
2250 2.250 470 0.30 0.25 0.20 0.20 0.05

∆1232 1.232 115. 0.01 1.00

∆∗1600 1.700 200 0.15 0.55 0.30

∆∗1620 1.675 180 0.25 0.60 0.15

∆∗1700 1.750 300 0.20 0.10 0.55 0.15

∆∗1900 1.850 240 0.30 0.15 0.30 0.25

∆∗1905 1.880 280 0.20 0.60 0.10 0.10

∆∗1910 1.900 250 0.35 0.40 0.15 0.10

∆∗1920 1.920 150 0.15 0.30 0.30 0.25

∆∗1930 1.930 250 0.20 0.25 0.25 0.30

∆∗1950 1.950 250 0.01 0.45 0.15 0.20 0.20

and anti-diquark q̄q̄i from the antibaryon can be produced. Here the linear string

potential between the quark and diquark, which located at respectively z1 and z2,

has the form

V1 = κ |z1 − z2| , (2.37)
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Table 2.6 Masses (GeV/c2), widths (MeV) and branching ratios of single-strange

baryon-resonances in UrQMD. All parameters are within the range given by the

Review of Particle Properties (Barnett et al., 1996a).

resonance mass width NK̄ NK̄∗
892 Σπ Σ∗π Λη Λω Λπ Ση Λ∗π ∆K̄

Λ∗1405 1.407 50 1.00

Λ∗1520 1.520 16 0.45 0.43 0.11

Λ∗1600 1.600 150 0.35 0.65

Λ∗1670 1.670 35 0.20 0.50 0.30

Λ∗1690 1.690 60 0.25 0.45 0.30

Λ∗1800 1.800 300 0.40 0.20 0.20 0.20

Λ∗1810 1.810 150 0.35 0.45 0.15 0.05

Λ∗1820 1.820 80 0.73 0.16 0.11

Λ∗1830 1.830 95 0.10 0.70 0.20

Λ∗1890 1.890 100 0.37 0.21 0.11 0.31

Λ∗2100 2.100 200 0.35 0.20 0.05 0.30 0.02 0.08

Λ∗2110 2.110 200 0.25 0.45 0.30

Σ∗1385 1.384 36 0.12 0.88

Σ∗1660 1.660 100 0.30 0.35 0.35

Σ∗1670 1.670 60 0.15 0.70 0.15

Σ∗1750 1.750 90 0.40 0.05 0.55

Σ∗1775 1.775 120 0.40 0.04 0.10 0.23 0.23

Σ∗1915 1.915 120 0.15 0.40 0.05 0.40

Σ∗1940 1.940 220 0.10 0.15 0.15 0.15 0.15 0.15 0.15

Σ∗2030 2.030 180 0.20 0.04 0.10 0.10 0.20 0.18 0.18

where κ is the string tension. This from of potential is supported by the lattice

QCD calculation (Born et al., 1994).

From the string potential, the hamiltonian can be written in the form

H = |p1|+ |p2|+ κ|z1 − z2| , (2.38)

which leads to the following equations of motion for the massless endpoints of the
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Table 2.7 Masses (GeV/c2), widths (MeV) and branching ratios of double-strange

baryon-resonances in UrQMD. All parameters are within the range given by the

Review of Particle Properties (Barnett et al., 1996a).

resonance mass width Ξπ Ξγ ΛK̄ ΣK̄

Ξ∗1530 1.532 9 0.98 0.02

Ξ∗1690 1.700 50 0.10 0.70 0.20

Ξ∗1820 1.823 24 0.15 0.70 0.15

Ξ∗1950 1.950 60 0.25 0.50 0.25

Ξ∗2030 2.025 20 0.10 0.20 0.70

string:

dpi

dt
= −∂H

∂zi

= −sign(zi − z′i) κ , (2.39)

dzi

dt
= +

∂H

∂pi

= sign(pi) , (2.40)

where the sign of (zi− z′i) is related to a change in momentum while the direction

of propagation is defined by the sign of the momentum pi of the quark.

With large momentum transfer, the excitation of the string may exceed

some critical limit. Then the string is broken into pieces by producing qq̄-pairs

from the vacuum. Each of the produced qq̄-pairs will have small relative momenta

in their rest frame. Owing to the fact that the color string is uniformly stretched,

the hadrons produced as a result of the string fragmentation will be uniformly

distributed within the kinematically allowed interval between ymin = 0 and ymax =

ln (s/m2
T ).

For the creation of a quark-antiquark pair with mass m in a color field with
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Figure 2.2 Particle production in a string.

Table 2.8 Probabilities for the different meson-multiplets in the UrQMD model.

multiplet JPC 0−+ 1−− 0++ 1++ 2++ 1+− 1−−∗ 1−−∗∗

probability 0.102 0.190 0.056 0.124 0.197 0.127 0.110 0.095

a string tension κ, its probability |M |2 can be written as

|M |2 = constant× exp

(
−πm2

κ

)
, (2.41)

where a typical value for κ is 1 GeV/fm (Andersson et al., 1982; Andersson et al.,

1983). This probability is introduced by Schwinger’s QED-based result for particle-

antiparticle creation in a strong electric field (Schwinger, 1951).

A example view of the particles production in a string is shown in Fig. 2.2.

The linked quark and diquark (non-strange) with string tension κ is depicted on

the left hand side. After that the two pairs of ss̄ and uū are created from the

vacuum. Here the diquark can be combined with a newly s quark to form a

hyperon, the newly s̄ and u quarks form to be a kaon and a newly ū with a quark

at the endpoint of string to be a pion.

In the UrQMD, for baryon, the states which type of hadron is produced,

not be determined from the quark configuration then the baryon octet and baryon

decuplet are selected as equal probability. For higher excited multiplets the proba-

bilities are tuned to the measured multiplicities of proton-proton reactions. In the

case of meson the multiplet is determined before the identification of the particle

types. Its probability depend on the spin of the multiplet and its average mass

Pmultiplet ∝ 2S + 1

〈m〉multiplet

. (2.42)
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The respective values for the meson multiplets which included in the UrQMD

model, are listed in Table 2.8.

The detail of model that described in this chapter will be used to calculate

the reaction of antiproton-nucleus as can be seen in the next chapter.



CHAPTER III

STRANGE PARTICLE AND NON-STRANGE

PARTICLE PRODUCTION

Quantum Chromodynamics (QCD) is the well accepted theory to describe

the physics of strong interaction. However, for low and medium energy reactions

where the distance scale is on the order of 1/ΛQCD, interactions among quarks and

gluons become so strong (αs ∼ 0.1) that perturbative methods can not be applied

anymore and one has to deal with QCD in non-perturbative approaches. Aiming

at the exploration of the non-perturbative fetures of QCD antiproton annihilations

on nuclear targets will be performed by the PANDA (antiProton ANihilation at

DArmstadt) experiment at the currently-built Facility for Antiproton and Ion

Research (FAIR) (GSI, 2001).

As reviewed in chapter I, the investigation of double Λ hypernuclei is one of

the major physics topics of PANDA together with the exploration of exotic charm

and gluon states. The production of double Λ hypernuclei is based on the capture

reaction Ξ− + p → ΛΛ. Where the initial hyperon pair ΞΞ can be produced in

a primary antiproton+nucleus interaction (Pochodzalla, 2005). In this chapter

we set the stage for further studies of hypernuclei by exploring the production

rates of strange and non-strange particles in antiproton-nucleus collisions. This

chapter is arranged as follows: in section 3.1, we employ the UrQMD model to

calculate the productions of strange particles (Σ and Λ) and compare the results

to experimental data. Section 3.2 shows the results on the creation of non-strange

particles. The UrQMD predictions for Ξ production are given in section 3.3.
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3.1 UrQMD results on strange particle production

In this section we use the Ultra-relativistic Quantum Molecular Dynamics

(UrQMD) model (Bass et al., 1998; Bleicher et al., 1999; Petersen et al., 2008), as

described in chapter II, to calculate the yields, transverse momentum and rapidity

spectra of strange particles in p+nucleus collisions and compare the theoretical

results with experimental data. The UrQMD approach is based on the covariant

propagation of all incoming and secondary hadrons. It includes the annihilation

of anti-baryons on baryons as well the subsequent interaction of strange particles

with the nuclear matter.

The experimental study of p̄ + 7Li, 12C, 32S, 64Cu collisions has been per-

formed at the Serpukhov proton synchrotron which is located in Russia. Within

this experiment, an unseparated beam of negatively charged particles with mo-

menta of 40 GeV/c is used as an incident beam composed of a mixture of π−, K−

and p̄ in the ratio of 100 : 1.8 : 0.3 (Boos et al., 1984; Grigalashvili et al., 1999).

The nuclear targets were placed in the sensitive volume of relativistic ionization

streamer chamber (RISC) along the beam line as depicted in Fig. 3.1. In the

experiment the average multiplicities of neutral hyperons, Λ(Σ0) and Λ̄(Σ̄0) were

investigated in the following reactions:

p̄ + A → Λ(Σ0) + X, (3.1)

p̄ + A → Λ̄(Σ̄0) + X, (3.2)

where A stand for 7Li, 12C, 32S and 64Cu. Shown in Table 3.1 are our results as de-

rived from the UrQMD model, compared with the experimental data (Grigalashvili

et al., 1999). We find that the UrQMD results, for Λ(Σ0) and Λ̄(Σ̄0) production

in the reactions p̄ + Li, C and S, slightly underestimate the experimental results

(but are within the error bars) while for the p̄ + Cu reaction the UrQMD results
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Figure 3.1 Layout of experiment at Serpukhov proton synchrotron (Boos et al.,

1984).

slightly exceed the experimental data within the given errors. With increasing the

mass of nuclear targets, the yields of Λ(Σ0) also increase while the multiplicities

of anti-hyperons, Λ̄(Σ̄0), remain approximately constant. Considering the experi-

mental errors, however, the UrQMD predictions for the averaged multiplicities of

both Λ(Σ0) and Λ̄(Σ̄0) are in line with the experimental data.

Table 3.1 Comparison between experimental data (Grigalashvili et al., 1999) and

UrQMD results for the average multiplicities of Λ(Σ0) and Λ̄(Σ̄0).

〈nΛ(Σ0)〉 〈nΛ̄(Σ̄0)〉
Target Exp. UrQMD Exp. UrQMD

Li 0.07 ± 0.01 0.06 0.06 ± 0.01 0.05

C 0.08 ± 0.02 0.07 0.06 ± 0.02 0.06

S 0.13 ± 0.01 0.11 0.07 ± 0.01 0.06

Cu 0.15 ± 0.02 0.17 0.05 ± 0.02 0.06
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Figure 3.2 Layout of NA5 experiment at CERN SPS (De Marzo et al., 1982).

Next, we focus on the production of Λ and K0 in the reaction p̄ + 131Xe at

a p̄ beam energy of 200 GeV (Derado et al., 1991). These experiments have been

performed by the NA5 collaboration at the European Organization for Nuclear

Research (CERN) Super Proton Synchrotron (SPS) using a streamer chamber

inside a 1.5 Tesla superconductor vertex magnet (De Marzo et al., 1982). The

layout of experiment is shown schematically in Fig. 3.2. The dimension of the

streamer chamber were 2 × 1.4 × 0.72 m3. Inside the streamer chamber, target

of Xe was installed in form of gas tube, 55 centimeter long and 3 centimeter in

diameter. Cherenkov counters were used to separate the H2 beam at 200 GeV into

beams of proton and antiproton at 200 GeV and used as projectile.

Table 3.2 shows the comparison between the NA5 experimental data (De-

rado et al., 1991) and UrQMD calculations on the average abundances of Λ, K0,

negative hadrons (h−), and the ratios 〈nΛ〉/ 〈nh−〉 and 〈nK0〉/〈nh−〉. Again, one

observes that the UrQMD calculations provide a satisfactory description of the

experimental results.

To obtain more insights, we compare UrQMD results with experimental
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Table 3.2 Comparison between experimental data by the NA5 collaboration (De-

rado et al., 1991) and UrQMD results on average multiplicities of Λ, K0, negative

hadrons (h−) and ratios.

〈nΛ〉 〈nK0〉 〈nh−〉 〈nΛ〉/ 〈nh−〉 〈nK0〉/〈nh−〉

Exp. 0.261 ± 0.04 0.610 ± 0.096 8.54 ± 0.15 0.031 ± 0.005 0.071 ± 0.011

UrQMD 0.228 0.695 8.54 0.027 0.081

data for the transverse momentum distributions and normalized laboratory rapid-

ity distributions ( 1
N

1
pt

dN
dpt

and 1
N

dN
dy

) with N being the number of event and pt being

the transverse momentum and y denoting the rapidity (Derado et al., 1991), also

can be seen in appendix C for more detail. The transverse momentum distribu-

tions of Λ and K0 are illustrated in Fig. 3.3 (upper panels). It appears that the

UrQMD calculations slightly underestimate the Λ production at higher momenta

(pt larger than 1.2 GeV/c) while the K0 production at low momenta (pt less than

0.5 GeV/c) are slightly lower in UrQMD as compared to the data. Considering

the large experimental errors, however, one can still conclude that the UrQMD

calculation are in line with the experimental data.

The lower-right panel of Fig. 3.3 depicts the comparison between experi-

mental data and UrQMD results on the normalized laboratory rapidity distribu-

tions. It is found that the UrQMD result agree with the experimental data for

the K0 production. The positively-skewed, bell-shaped K0 rapidity distribution

reveals that the K0 are dominantly produced in the target fragmentation region.

The target fragmentation region is referred to the production of particles

mainly from the target particle. In the other hand, the projectile fragmentation

region is used to describe the production of particles mainly from the beam par-
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Figure 3.3 UrQMD results compared with experimental data (Derado et al., 1991)

for transverse momentum distributions (upper panels) and normalized laboratory

rapidity distributions (lower panels). Here the Λ (left panels) and the K0 (right

panels) are produced in p̄ + Xe reaction at 200 GeV.

ticle in the forward direction. To describe the direction of produced particle, the

rapidity,

y =
1

2
ln(

E + pz

E− pz

) , (3.3)

is used. For our case, the Xe target in laboratory frame gives the initial rapidity

yXe =0 while the initial rapidity of p̄ is calculated from the relation,

yp̄ = sinh−1(plab/mp̄) , (3.4)

to be 6. The central rapidity region is around 3. Therefore, that the K0 are mainly

produced with rapidity around 1.5 indicates that the K0 are mainly produced in

the target fragmentation region. The Λ rapidity distribution in Fig. 3.3 (lower-left
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panel) shows that the UrQMD calculations underestimate the yield of Λ in the

central rapidity region and the target fragmentation region. However, one should

note that also here the experimental data suffers from substantial errors. In this

case the central rapidity is calculated to be 3 from the initial rapidity 0 of Xe target

and the initial rapidity 6 of p̄. The UrQMD predicted peak at y ∼ 0 indicates the

ejection of Λ happens mainly in the target fragmentation region.

3.2 UrQMD results on non-strange particle production

Experimentally, reactions of p̄ + 24Mg, 108Ag and 197Au at p̄ momenta

of 100 GeV/c have been performed at Fermilab in the experiment E597 with the

Fermilab 30-inch bubble chamber (BC) and Downstream Particle Identifier (DPI),

as shown in Fig. 3.4, to study the production of inclusive charged pion spectra

(Whitmore et al., 1994). To compare to this data, we employ the UrQMD model

and explore the production of π± in the reactions:

p̄ + Mg → π± + X, (3.5)

p̄ + Ag → π± + X, (3.6)

p̄ + Au → π± + X. (3.7)

The comparison between the experimental data and the UrQMD predic-

tions on p2
t distributions is shown in Fig. 3.5. The left and right panel depict

for the π− and π+ productions respectively. Fig. 3.5(a) and 3.5(b) indicate for

the p̄ + Mg reactions, Fig. 3.5(c) and 3.5(d) represent for p̄ + Ag reactions and

the reactions p̄ + Au are presented by the Fig. 3.5(e) and 3.5(f). As shown in

these figures the results for Mg, Ag and Au targets are quite similar. The UrQMD

calculations agree well with the experimental data on the transverse momentum

spectra of π−. In case of π+, at low p2
t , the UrQMD results are in line with the
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Figure 3.4 Layout of Fermilab 30-inch bubble chamber spectrometer and down-

stream particle identifier (Whitmore et al., 1994).

experimental data, while a slight deviation from the data is observed towards high

p2
t . However, one may note that π are mainly produced at low momenta.

3.3 Model predictions for ΞΞ̄ production

As seen in the section 3.1 and 3.2, UrQMD reproduces the experimental

data of strange and non-strange particles reasonably well. Thus, one can con-

clude that the UrQMD model is a suitable tool to predict strange particle spectra

and abundancies in antiproton-nucleus collisions. In this section we employ the

UrQMD model to provide information of productions of the multi-strange hyper-

ons Ξ Ξ̄ which are the important ingredients for double Λ hypernuclei formation.

Fig. 3.6 depicts the multiplicities of Ξ− and Ξ̄+ as calculated in the UrQMD model

for the reactions p̄ + 24Mg, 64Cu and 197Au at center-of-mass energies from 3 to

4 GeV. It is found that the multiplicities of Ξ− are very similar for the different

targets but significantly increase with increasing center-of-mass energy. The multi-

plicities of Ξ̄+ are considerably different for different reactions. The multiplicity of

Ξ̄+ produced with the Mg target is clearly higher than the Ξ̄+ from Cu target, and

the multiplicity of Ξ̄+ from the Au target is almost zero for the whole inspected



42

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.1

1

10

-  UrQMD
 Experiment

p2
t 
 (GeV/c)2

(1
/N

) d
N

/d
p2 t

 

 

(a) p̄ + Mg → π− + X

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.1

1

10

100

+  UrQMD
 Experiment

p2
t 
 (GeV/c)2

(1
/N

) d
N

/d
p2 t

 

 

(b) p̄ + Mg → π+ + X

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.1

1

10

100

(1
/N

) d
N

/d
p2 t

p2
t 
 (GeV/c)2

 

 

 UrQMD
 Experiment

-

(c) p̄ + Ag → π− + X

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.1

1

10

100
 UrQMD
 Experiment

p2
t 
 (GeV/c)2

(1
/N

) d
N

/d
p2 t

 

 

+

(d) p̄ + Ag → π+ + X

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.1

1

10

100
 UrQMD
 Experiment

-

p2
t 
 (GeV/c)2

(1
/N

) d
N

/d
p2 t

 

 

(e) p̄ + Au → π− + X

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.1

1

10

100

+  UrQMD
 Experiment

(1
/N

) d
N

/d
p2 t

p2
t 
 (GeV/c)2

 

 

(f) p̄ + Ag → π+ + X

Figure 3.5 UrQMD results compared with experimental data (Whitmore et al.,

1994) for p2
t distributions of π− (left panels) and π+ (right panels) produced in p̄

+ Mg, Ag and Au at a p̄ momentum of 100 GeV/c.
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Figure 3.6 Multiplicities of Ξ− and Ξ̄+ from the reactions of p̄ + Mg, Cu and Au

collisions.

energy region. This observation can be well understood, because a bigger-sized

nucleus provides a higher chance for a Ξ̄+ to be absorbed by subsequent collisions

with the nucleons. The predicted multiplicities provide useful information for the

trigger condition for double Λ hypernuclei production.

In next chapter, we will apply this method to investigate the double Λ

hypernuclei production. The deeply calculation on the trigger conditions, deceler-

ation mechanism and hyperon induced reactions will be described.



CHAPTER IV

HYPERNUCLEUS PRODUCTION

To perform the quantitative analysis we apply the Ultra-relativistic Quan-

tum Molecular Dynamics (UrQMD) model. A comparison of the model to data in

anti-proton induced reactions can be found in chapter III and also in (Limphirat

et al., 2009; Galoyan and Polanski, 2003), a study on hyperon production at low

energies has been performed in (Zeeb et al., 2004).

Due to the lack of data on Ξ and Ω production in p̄ + p reactions it is

difficult to establish a solid baseline for the multiplicity of multi-strange baryons

in the relevant energy regime. In the following we will trigger on the production

of a Ξ in the initial p̄ + p reaction and leave the absolute normalization aside.

In this chapter, we begin by investigating the trigger condition for Ξ− pro-

duction. Then in section 4.2 we explain the deceleration mechanism of Ξ− inside

the primary nucleus. The produced Ξ− interacts with the secondary nucleus will

be described in section 4.3.

4.1 Experimental trigger conditions

Let us start with an investigation of the experimental trigger condition for

the desired event. Here events are signalled by the measurement of the Ξ̄+ or a

K+K+ pair. In this work, the productions of Ξ̄+ and K+K+ pair are investigated

in p̄+Au collisions, based on the reaction

p̄ + Au → Ξ + Ξ̄ + X. (4.1)
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To reduce the background from associated particles, the center-of-mass energies are

taken from 3 to 4 GeV, which are closed to the threshold energy of ΞΞ̄ production.

Shown in Fig. 4.1 are the multiplicities of Ξs, Ξ̄s and K+K+ pair productions in

p̄+Au collisions at the energy region from 3 to 4 GeV. The solid square, solid circle,

open triangle and open diamond symbols indicate respectively the multiplicities of

Ξ−, Ξ0, Ξ̄+ and Ξ̄0 while the open squares denote the multiplicity of K+K+ pair.

It is found that the multiplicities of Ξ and K+K+ pair are significantly increased

with increasing energy while the multiplicities of Ξ̄s are very close to zero in the

whole energy region. One may conclude that the produced Ξ̄ have been absorbed

by consequent collisions with nucleons in the Au target, and the di-Kaon trigger

has observant advantage over the Ξ̄ trigger.

To effectively detect the K+K+ pair productions by the anti-hyperon ab-

sorbtion in the primary nucleus target:

Ξ̄+ + p → K+ + K+, (4.2)

one needs information of the momentum distribution of K+ from the produced

K+K+ pairs. Fig. 4.2 shows the lab momentum distribution of K+ from the

produced K+K+ pairs in the p̄+Au reactions at
√

s = 4 GeV. It is found that the

production of K+ from K+K+ pairs peaks at lab momentum around 0.3 GeV/c.

Next we look at the
√

s distribution of the antibaryon-baryon processes

that lead to the production of a Ξ− baryon (see Fig. 4.3). Note that the Ξ− can

be produced from the reactions

p̄ + p → Ξ− + Ξ̄+ + X, (4.3)

and

p̄ + n → Ξ− + Ξ̄0 + X. (4.4)
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Figure 4.1 Multiplicity comparison between the Ξ, Ξ̄ and the K+K+ pair in

p̄+Au reactions at center of mass energies from 3 to 4 GeV. The solid square,

solid circle, open triangle and open diamond symbols indicate respectively the

multiplicities of Ξ−, Ξ0, Ξ̄+ and Ξ̄0 while the open squares denote the multiplicity

of K+K+ pair.

The plots in Fig. 4.3 are for the p̄+Au reactions at
√

s = 4 GeV, where the square

and circle symbols denote the
√

s distributions of the p̄+p → Ξ−+Ξ̄++X channel

and the p̄ + n → Ξ− + Ξ̄0+X channel, respectively. It is found in Fig. 4.3 that Ξ−

are highly produced at a quite large
√

sB̄B range (from 3.5 to 4.3 GeV) for both

the channels and that around
√

sB̄B = 4 GeV the Ξ− production in the process

p̄ + n → Ξ− + Ξ̄+ + X is almost double the one in the p̄ + p → Ξ− + Ξ̄+ + X

channel. Here one sees that the Fermi motion leads to a smearing of the energy,

making it hard to predict the exact kinematics of the produced Ξ−.
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Figure 4.2 Momentum distribution of K+ (from K+K+ pair) in p̄+Au reactions

at
√

s = 4 GeV.

4.2 Deceleration mechanism

If the Ξ− has been produced it undergoes multiple scatterings in the nu-

cleus. On average, each Ξ− scatters three times before leaving the nucleus. This

distribution of the number of scatterings is depicted in Fig. 4.4. Here, the Ξ− are

produced in p̄+Au reactions at
√

s = 4 GeV.

The subsequent re-scattering of the Ξ− leads to a substantial deceleration

of Ξ− in comparison to the p̄ + p reactions at the same energy. The comparison

of momentum spectra of the Ξ− between p̄ + p and p̄+Au reactions are shown

in Fig. 4.5. Due to the deceleration of Ξ− by re-scattering inside the primary

nucleus, the Ξ− are mainly created with momentum around 0.2 GeV/c from the
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Figure 4.3
√

s distribution of the antibaryon-baryon interactions that lead to the

production of a Ξ− baryon in p̄+Au reactions at
√

s = 4 GeV. Square and circle

symbols denote the
√

s distributions of the p̄ + p → Ξ− + Ξ̄++X channel and the

p̄ + n → Ξ− + Ξ̄0+X channel, respectively.

p̄+Au reactions (square) while the average momentum of produced Ξ− from p̄ + p

reaction (circle) is approximately 3.4 GeV/c.

4.3 Hyperon induced reactions

In this section, we study how the produced Ξ− interacts with the secondary

target and calculate the fraction of Ξ− that can be captured in the secondary

target.

Shown in Fig. 4.6 are the momentum distributions of Ξ− after having
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p̄+Au reactions at
√

s = 4 GeV.

reactions with secondary targets Au at incident laboratory momenta from 10 to

300 MeV/c (upper panel) and from 400 to 800 MeV/c (lower panel). Here, the

momenta of Ξ− produced from the first target are selected from Fig. 4.5 and used

as the incident laboratory momenta for the secondary reactions Ξ−+Au. To make

sure a secondary reaction may happen one needs to test whether a produced Ξ−

has enough momentum to arrive at the secondary target before it decays. And a Ξ

must be stopped/absorbed in the secondary nucleus in order that a hypernucleus

is produced. It is found that the Ξ− particles with laboratory momenta below

20 MeV/c can be totally stopped inside the secondary nucleus. For the Ξ− with

incident momenta between 30 to 100 MeV/c, all of them are slowed down and leave

the secondary nucleus with certain values. For example, the Ξ with a momentum
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Figure 4.5 Comparison of momentum spectra of the Ξ− between p̄+p and p̄+Au

reactions at
√

s = 4 GeV. Square symbols denote the data from p̄+Au reaction,

while circle symbols show the data from p̄ + p reaction. Here, the momenta are

given in the target frame.

100 MeV/c leaves the secondary nucleus with momentum about 40 MeV/c. By

comparing to elastic scattering (see appendix D), it is revealed that these Ξ−

are slowed by one time elastic scattering with Au. For Ξ− particles with initial

momenta 200 and 300 MeV/c, one sees two peaks respectively at 90 and 140 MeV/c

of Ξ−, which are clearly resulted from one time elastic scattering. However, the

smooth part of the curves for Ξ− with initial momenta 200 and 300 MeV/c reveals

that a fraction of Ξ− may be scattered many times elastically and/or inelastically

before leaving the nucleus with reduced momenta.

Fig. 4.6 (lower panel) shows the momentum distribution of Ξ− with higher

incident momenta, after having reactions with secondary targets Au. It is depicted
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that one time elastic scattering which results in the peaks in the momentum dis-

tribution, is less important than for the cases with lower incident momenta. With

increasing incident momentum, a larger part of Ξ− is scattered many times elas-

tically and/or inelastically and then leaves the nucleus with reduced momenta.

The Ξ− which are not stopped in the secondary targets may be stopped by

the third targets and so on. The stopping of Ξ− inside nuclei plays an important

role for the hypernucleus production.
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Figure 4.6 Momentum spectra of Ξ− in Ξ−+Au reactions inside the secondary

target at laboratory momenta from 10 to 800 MeV/c.



CHAPTER V

SUMMARY

By using the UrQMD model we have calculated the multiplicities of Λ(Σ0)

and Λ̄(Σ̄0) (anti-)hyperons produced in p̄ + A collisions at 40 GeV/c and found

that the theoretical results are consistent with the experimental data. The UrQMD

calculations also reproduce quite well the experimental data for the production

of Λ, K0 and negatively charged hadrons (h−) in the reaction p̄ + Xe at a p̄

momentum of 200 GeV.

The UrQMD calculations reproduce well the experimental data for the

transverse momentum distributions of Λ and K0 and the theoretical results are also

in line with the data for the normalized lab rapidity distributions. The positively-

skewed curves in Fig. 3.3 for the rapidity distributions of both Λ and K0 indicate

that the particles are mainly produced in the target fragmentation region, and the

dominant production of Λ at y ∼ 0 suggests that a large number of the particles

are produced in transverse direction. The UrQMD results on pion production in

the reactions p̄+ Mg, Ag and Au are found to be consistent with the experimental

data, too. Then, we have calculated the multiplicities of hyperons Ξ Ξ̄ in different

reactions. These predictions are helpful to estimate the trigger conditions in the

planned double Λ hypernuclei experiments.

We also have discussed hypernuclei production in anti-proton induced re-

actions. We find that the multiplicities of K+K+ pairs are much higher than the

ones of Ξ̄ and are comparable to the multiplicities of Ξ, and K+K+ pairs can be

used as experimental trigger of Ξ productions. The K+K+ trigger can be easily
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detected at momenta around 0.3 GeV/c. The momenta of Ξ from the p̄+Au re-

actions are around 0.2 GeV/c, much lower than the momenta of Ξ from the p̄ + p

reactions. This implies that the Ξs are decelerated by re-scattering inside the pri-

mary nucleus. The distribution of scattering numbers of produced Ξ reveals that

the averaged re-scatterings of Ξ inside the primary nucleus are three times. The

decelerated Ξ in the first target may be absorbed or further decelerated inside the

secondary nucleus, depending on the momentum. The predictions are relevant for

the planned PANDA experiment at FAIR.
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APPENDIX A

THE FAIR FACILITIES

The facilities for the FAIR project can be classified into 2 parts: the ex-

iting accelerator facility and the new facility. The exiting facilities are consist of

the universal heavy-ion linear accelerator (UNILAC), the heavy-ion synchrotron

(SIS18) and the experimental storage ring (ESR). The briefly characters of these

facilities are given below:

• UNILAC is used to delivers beams of heavy-ions and light ions with energies

in the range from 3.0 to 13 MeV/u and up to 15 MeV/u respectively,

• SIS18 can be used to accelerated the light ions from energy 100 to 2000

MeV/u, the uranium to 1 GeV/u and proton to 4.7 GeV,

• ESR advantages to accumulate the beams for experiment performance. The

ESR is also used to decelerate the beams.

The characters of the new facilities can be shortly described as following

below:

• Collector Ring (CR) serves for collecting and stochastic cooling of hot ra-

dioactive ion or antiproton beams from production targets.

• New Experimental Storage Ring (NESR) is an accumulator and storage ring

for both radioactive ions and antiprotons beam.

• SIS100/SIS200 is served for acceleration the injected antiproton beam, from

the NESR, to reach maximum energy of 14 GeV.
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• High Energy Storage Ring (HESR) is used to stored antiproton beams, after

injected from the SIS100, for experimental performance.

• Super-conducting FRagment Separator (Super-FRS) can be used to increase

of radioactive beam intensities by a factor of up to 10,000 and to provide

intense antiproton beams, about 15 times higher kinetic energies for heavy-

ions.



APPENDIX B

LORENTZ TRANSFORMATION

In this thesis the Lorentz transformation is used to converts between the

center of mass (CM) frame and laboratory frame (Lab) when consider on the

rapidity distribution of Λ and K0 as seen in chapter III. It is also used to converts

the momentum distribution of Ξ− in chapter IV.

Let start by assuming that there are two observers O and O′, each using

their own Cartesian coordinate system to measure space and time intervals. Using

coordinate (t, x, y, z) for O and (t′, x′, y′, z′) for O′. The velocity v is relative

velocity between two observers along the z axis. The Lorentz transform or Lorentz

boost in z axis is displayed in the matrix form as:




ct′

x′

y′

z′




=




γ 0 0 −βγ

0 1 0 0

0 0 1 0

−βγ 0 0 γ







ct

x

y

z




=




γ (ct− βz)

x

y

γ (z − βct)




(B.1)

where the Lorentz factor γ = 1√
1−β2

and β = v
c
. Substitute the variable β into

Eq. (B.2) then we have

t′ = γ
(
t− vz

c2

)
,

x′ = x,

y′ = y,

z′ = γ (z − vt) .

By the same way, the Lorentz transformation for a 4-vector (E, ~p) can be
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written as



E ′

p′x

p′y

p′z




=




γ 0 0 −βγ

0 1 0 0

0 0 1 0

−βγ 0 0 γ







E

px

py

pz




=




γ (E − βpz)

px

py

γ (pz − βE)




(B.2)

where the velocity of the particle is ~β = ~p
E

and E2 − |~p|2 = m2.



APPENDIX C

KINEMATIC VARIABLES

In the field of particle collisions, there are several kinematic variables often

used. Let us introduce some of them which appeared in this work. By choosing the

z axis as the beam direction, the momentum in z direction is called the longitudinal

momentum (pz). In additional the momentum in perpendicular direction of z axis

is transverse momentum (pt), defined as:

pt =
√

p2
x + p2

y. (C.1)

Also the transverse mass (mt) can be written in the form

mt =
√

p2
t + m2. (C.2)

Next the method of measuring motion is introduced by the rapidity (y).

Rapidity is an alternative to velocity in relativity and proportion to velocity at

low speeds. One can be defined as a function of inverse hyperbolic tangent:

y = arctanh β, (C.3)

where β is velocity.

It can be expanded into

y = β +
β3

3
+ ... . (C.4)
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At small velocity, it is assumed that y ∼ β. One can be rewritten as

β = tanh y

=
sinh y

cosh y

=
ey − e−y

2
· 2

ey + e−y

=
ey − e−y

ey + e−y

=
e2y − 1

e2y + 1

e2y =
1 + β

1− β

2y = ln
1 + β

1− β

y =
1

2
ln

1 + β

1− β
.

The rapidity is also written in the term of energy and longitudinal momentum by

inserting the factor γm then we have

y =
1

2
ln

γm + γmβ

γm− γmβ

=
1

2
ln

E + pz

E − pz

.

Moreover the the relation between rapidity, energy, transverse mass and

longitudinal momentum can be shown as

y = ln

√
(E + pz)(E + pz)

(E − pz)(E + pz)
= ln

√
(E + pz)2

E2 − p2
z

= ln

√
(E + pz)2

m2 + p2 − p2
z

= ln

√
(E + pz)2

m2 + p2
x + p2

y + p2
z − p2

z

= ln

√
(E + pz)2

m2 + p2
t

= ln

√
(E + pz)2

m2
t

= ln
E + pz

mt

.

To rewrite energy and pz in form of hyperbolic cosine and hyperbolic sine,
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one needs to start by

cosh y =
1

2
(ey + e−y)

=
1

2

(
E + pz

mt

+
mt

E + pz

)

=
E

mt

E = mt cosh y

and

sinh y =
1

2
(ey − e−y)

=
1

2

(
E + pz

mt

− mt

E + pz

)

=
pz

mt

pz = mt sinh y .

Consider to Lorentz boosts along the z axis, we have

y =
1

2
ln

E + pz

E − pz

, (C.5)

and

y′ =
1

2
ln

E ′ + p′z
E ′ − p′z

, (C.6)

where E ′ = γ (E − βpz) and p′z = γ (pz − βE), (see appendix B). Then the

relation between y and y′ is shown as following below:

y′ =
1

2
ln

E ′ + p′z
E ′ − p′z

=
1

2
ln

γ (E − βpz) + γ (pz − βE)

γ (E − βpz)− γ (pz − βE)

=
1

2
ln

(E + pz)(1− β)

(E − pz)(1 + β)

=
1

2
ln

E + pz

E − pz

+
1

2
ln

1− β

1 + β

= y − yboost .



APPENDIX D

TWO-BODY ELASTIC SCATTERING

There are many different reactions for the scattering of a incident beam

on a target. For example the elastic and inelastic scattering are represented the

different collisions of beam particles with different nuclei. To identifying the par-

ticles involved with correct energy and direction, the kinematics of the reaction

are useful. The two-body kinematics are used when two particles are present in

the final state.

Fig. D.1 shows that the incident beam of particle with mass m1, momentum

~p1 and kinetic energy K1 is scattering to the rested target with mass m2 and ~p2=0,

K2=0. After scattering, the particle m1 has the momentum ~p′1, kinetic energy K ′
1

and angle θ′1 with the incident direction. While the particle m2 has the momentum

~p′2, kinetic energy K ′
2 and angle θ′2 with incident direction.

Due to the conservation of energy, we have

E1 + m2 = E ′
1 + E ′

2 (D.1)

where

E2
1 = p2

1 + m2
1,

E ′2
1 = p′21 + m2

1,

E ′2
2 = p′22 + m2

2.

For conservation of momentum, we have

p1 = p′1cosθ′1 + p′2cosθ′2 (D.2)
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p1

K1 m2
m1

K1’

P2’

K2’

θ1’

m2

P1’
m1

θ2’

Figure D.1 Two-body scattering.

and

0 = p′1 sin θ′1 − p′2 sin θ′2. (D.3)

Next the Eq. (D.1), (D.2) and (D.3) are solved by using

E1 = K1 + m1,

E ′
1 = K ′

1 + m1,

E ′
2 = K ′

2 + m2.

Finally, we get

E ′
1 =

A1(E1 + m1)± p1cosθ′1
√

A2
1 − 4m2

1[(E1 + m2)2 − p2
1cos2θ′1]

2[(E1 + m2)2 − p2
1cos2θ′1]

, (D.4)

E ′
2 =

A2(E1 + m2)± p1cosθ′2
√

A2
2 − 4m2

2[(E1 + m2)2 − p2
1cos2θ′2]

2[(E1 + m2)2 − p2
1cos2θ′2]

, (D.5)

cot θ′2 =
−(1 + ρ1ρ2) cot θ′1 ± (ρ1 + ρ2)

√
γ2(1− ρ2

1) + cot2 θ′1
1− ρ2

1

. (D.6)
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The parameters A1, A2, ρ1, ρ2 and γ are represented by

A1 = 2(m2
1 + m1m2 + m2K1,

A2 = 2(m2
2 + m1m2 + m2K1,

ρ1 =
A1p1

(E1 + m2)
√

A2
1 − 4m2

1[(E1 + m2)2 − p2
1]

,

ρ2 =
A2p1

(E1 + m2)
√

A2
2 − 4m2

2[(E1 + m2)2 − p2
1]

,

γ =
E1 + m2

m2
1 + m2(2E1 + m2)

.

For more detail, one can see in Ref. (Margaziotis, 2004).



APPENDIX E

THERMAL DISTRIBUTION

The elementary processes lead to statistical/thermal particle production,

that means, the thermodynamics can be applied to calculate the particle spectra

and yields (multiplicities). Within this appendix we are focusing on the yields.

Let us start with the phase space density:

d6N

d3pd3x
=

g

(2π)3 e−(E−µ)/T , (E.1)

where

• g is degeneracy factor

• T is temperture

• µ is chemical potential

• E is eneregy ( E2 = p2 + m2).

Then the phase space density is integrated over space, we have

d3N

d3p
=

gV

(2π)3 e−(E−µ)/T , (E.2)

where V is volume. Next it is integrated over momentum,

N =
gV

(2π)3

∫
d3pe−(E−µ)/T

=
gV eµ/T

(2π)3

∫
d3pe−E/T

=
gV eµ/T

(2π)3

∫ ∫ ∫
dpxdpydpze

−E/T .
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Let change the variables (px, py, pz) to (y,mt, φ) by

pt =
√

p2
x + p2

y ,

py

px

= tanφ ,

and

px = ptcosφ ,

py = pt sin φ .

From appendix C:

pz = mt sinh y .

Now, we have

px = ptcosφ ,

py = pt sin φ ,

pz = mt sinh y .

Substitute pt =
√

m2
t −m2 into above equations, we get

px =
√

m2
t −m2cosφ ,

py =
√

m2
t −m2 sin φ ,

pz = mt sinh y .

Then the above relations are differentiated:

dpx = cosφ
mt√

m2
t −m2

dmt −
√

m2
t −m2 sin φdφ ,

dpy = sin φ
mt√

m2
t −m2

dmt +
√

m2
t −m2cosφdφ ,

dpz = sinh ydmt + mt cosh ydy .

Here the energy E is written in the terms of rapidity and transverse mass,

we have

E = mt cosh y .
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The 3-dimensional measured in momentum space :

d3p ≡ dpx dpy dpz =

∣∣∣∣
∂(px, py, pz)

∂(mt, y, φ)

∣∣∣∣ dmt dy dφ , (E.3)

where the Jacobian
∂(px, py, pz)

∂(mt, y, φ)
is defined by the determinant

∂(px, py, pz)

∂(mt, y, φ)
≡

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∂px

∂mt

∂py

∂mt

∂pz

∂mt

∂px

∂y

∂py

∂y

∂pz

∂y

∂px

∂φ

∂py

∂φ

∂pz

∂φ

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(E.4)

=

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

mtcosφ√
m2

t −m2

mt sin φ√
m2

t −m2
sinh y

0 0 mt cosh y

−
√

m2
t −m2 sin φ

√
m2

t −m2 cosφ 0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

= −m2
t cosh y . (E.5)

Therefore

∣∣∣∣
∂(px, py, pz)

∂(mt, y, φ)

∣∣∣∣ = m2
t cosh y = E mt, then

d3p = Emtdmtdydφ .

The integral become to

N =
gV eµ/T

(2π)3

∫
d3pe−E/T

=
gV eµ/T

(2π)3

∞∫

y=−∞

∞∫

mt=m

2π∫

φ=0

e−E/T Emtdφdmtdy,
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and use E = mt cosh y, we get

N =
gV eµ/T

(2π)3

∞∫

y=−∞

∞∫

mt=m

2π∫

φ=0

e−mt cosh y/T m2
t cosh ydφdmtdy

=
gV eµ/T

(2π)2

∞∫

y=−∞

∞∫

mt=m

e−mt cosh y/T m2
t cosh ydmtdy

=
gV eµ/T

(2π)2

∞∫

y=−∞

e−m cosh y/T T

cosh2 y

[
2T 2 + 2mT cosh y + m2 cosh2 y

]
dy

=
gV T 3eµ/T

(2π)2

∞∫

y=−∞

e−m cosh y/T

[
2

cosh2 y
+

2m

T cosh y
+

m2

T 2

]
dy.

Because of the cosh is the even function, so

N =
gV T 3eµ/T

(2π)2 2

∞∫

y=0

e−m cosh y/T

[
2

cosh2 y
+

2m

T cosh y
+

m2

T 2

]
dy . (E.6)

Next substitute z = m
T

into Eq. (E.6), we have

N =
gV T 3eµ/T

2π2




∞∫

0

dye−z cosh y

(
2

cosh2 y
+

2z

cosh y
+ z2

)
 . (E.7)

The integral is represented for the modified Bessel function of the second

kind:

Kυ (z) =

∞∫

0

dye−z cosh y cosh (υy) ,

where Re(z)> 0.

Consider:

A(z) =

∞∫

0

dye−z cosh y

(
2

cosh2 y
+

2z

cosh y
+ z2

)
,

A(0) =

∞∫

0

dy
2

cosh2 y
= 2 ,
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dA(z)

dz
=

∞∫

0

dy
∂

∂z

[
e−z cosh y

(
2

cosh2 y
+

2z

cosh y
+ z2

)]

=

∞∫

0

dy
[−z2 cosh ye−z cosh y

]

= −z2

∞∫

0

dye−z cosh y cosh y

︸ ︷︷ ︸
K1(z)

= −z2K1(z),

and

z∫

0

dA(t) = −
z∫

0

t2K1(t)dt

A(z)− A(0) = −
z∫

0

t2K1(t)dt

A(z) = A(0)−
z∫

0

t2K1(t)dt.

The relation as following below can be used

d

dz
[zυKυ(z)] = −zυKυ−1(z)

with υ = 2, we get

d

dt

[
t2K2(t)

]
= −t2K1(t)

z∫

0

d
[
t2K2(t)

]
= −

z∫

0

t2K1(t)dt

z2K2(z)− 2 = −
z∫

0

t2K1(t)dt,

where lim
t→0

[t2K2(t)] = 2 as seen in Fig. E.1.
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0.5

1

1.5

2

z2 K2HzL

Figure E.1 Limit of z2K2(z) when z → 0.

Now we get

A(z) = A(0)−
z∫

0

t2K1(t)dt

= 2 + z2K2(z)− 2

= z2K2(z).

Substitute A(z) into Eq. (E.7), we get

N =
gV T 3eµ/T

2π2




∞∫

0

dye−z cosh y

(
2

cosh2 y
+

2z

cosh y
+ z2

)


︸ ︷︷ ︸
A(z)=z2K2(z)

=
gV T 3eµ/T

2π2
z2K2(z)

=
gV T 3eµ/T

2π2

m2

T 2
K2(

m

T
).

Case: m ¿ T

m2

T 2
K2(

m

T
) → 2 ,

N =
gV T 3eµ/T

π2
.

Case: m À T

Kυ(z À
∣∣υ2 − 1/4

∣∣) →
√

π

2z
e−z ,
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K2(
m

T
) →

mÀT

√
πT

2m
e−m/T .

Finally we get the particle yields as shown in this form

N =
gV eµ/T

2π2
T 3/2m3/2

√
π

2
e−m/T .

Note that some details can be proved as following below.

Proof 1:

d

dz
[zυKυ(z)] = −zυKυ−1(z)

Kυ (z) =

∞∫

0

dye−z cosh y cosh (υy)

zυKυ (z) =

∞∫

0

dyzυe−z cosh y cosh (υy)

d

dz
[zυKυ (z)] =

∞∫

0

dy cosh (υy)
d

dz

[
zυe−z cosh y

]

=

∞∫

0

dy cosh (υy)
[− cosh yzυe−z cosh y + υzυ−1e−z cosh y

]

=

∞∫

0

dy cosh (υy) e−z cosh y
[− cosh yzυ + υzυ−1

]

= υzυ−1

∞∫

0

dy cosh (υy) e−z cosh y

︸ ︷︷ ︸
Kυ(z)

−zυ

∞∫

0

dy cosh (υy) e−z cosh y cosh y

= υzυ−1Kυ(z)− zυ

∞∫

0

dye−z cosh y 1

2
[cosh (υ + 1) y + cosh (υ − 1) y]
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= υzυ−1Kυ(z)

− zυ

2




∞∫

0

dye−z cosh y cosh (υ + 1) y

︸ ︷︷ ︸
Kυ+1(z)

+

∞∫

0

dye−z cosh y cosh (υ − 1) y

︸ ︷︷ ︸
Kυ−1(z)




= υzυ−1Kυ(z)− zυ

2
[Kυ+1(z) + Kυ−1(z)]

=
zυ

2




2υ

z
Kυ(z)−Kυ+1(z)

︸ ︷︷ ︸
−Kυ−1(z)

−Kυ−1(z)




d

dz
[zυKυ (z)] = −zυKυ−1(z)

Proof 2:

Kυ+1 (z)−Kυ−1 (z) =
2υ

z
Kυ(z)

Kυ+1 (z)−Kυ−1 (z) =

∞∫

0

dye−z cosh y cosh (υ + 1)y −
∞∫

0

dye−z cosh y cosh (υ − 1) y

=

∞∫

0

dye−z cosh y [cosh (υ + 1) y − cosh (υ − 1) y]︸ ︷︷ ︸
2 sinh y sinh(υy)

= 2

∞∫

0

dye−z cosh y sinh y sinh (υy)

= 2

∞∫

y=0

d (cosh y) e−z cosh y sinh (υy)

= −2

z

∞∫

y=0

d
(
e−z cosh y

)
sinh (υy)
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= −2

z





[
e−z cosh y sinh (υy)

]∞
y=0︸ ︷︷ ︸

0

−
∞∫

y=0

d (sinh (υy)) e−z cosh y





=
2υ

z

∞∫

y=0

dye−z cosh y cosh (υy)

︸ ︷︷ ︸
Kυ(z)

Kυ+1 (z)−Kυ−1 (z) =
2υ

z
Kυ(z)



APPENDIX F

DATA ANALYSIS SCRIPT

In this appendix the script files which used to analyze our output data, are

displayed. Here the script files are written in the format of PERL language.

F.1 Multiplicity analysis script

To read the multiplicity of Ξs from the output data, the script are shown

as following below:

#!/usr/bin/perl

#################################

#

# read data of Xi- (multiplicity)

#

#################################

$numfile=50;

$inname=’au_pbarAu_ecm4.0_’;

for ($zz=1; $zz<=$numfile; $zz++){

open(INFILE, $inname.$zz.".f14");

while(<INFILE>) {

@stuff=split(’ ’);

if(/UQMD/){

}

elsif(/projectile:/){
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$protar=$_

}

elsif(/transformation/){

$beta=$stuff[4];

}

elsif(/equation_of_state:/){

$ecm=$stuff[5];

$midy=log($ecm/0.938);

$elab=$stuff[3];

$plab=$stuff[7];

}

elsif(/event#/){

$noe++

}

else{

if($#stuff==14||$#stuff==13){

@x=@stuff[0..3];

@p=@stuff[4..7];

@id=@stuff[8..13];

$mass=$id[0];

$ityp=$id[1];

$iz2=$id[2];

$charge=$id[3];

$nocolli=$id[5];

if ($ityp==49 && $charge==-1){

$countxim++;
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}

if ($ityp==49 && $charge==0){

$countxi0++;

}

if ($ityp==-49 && $charge==1){

$countximbar++;

}

if ($ityp==-49 && $charge==0){

$countxi0bar++;

}

}

}

}

close INFILE;

}

open(OUTFILE, ">mulxi_".$inname."2.dat");

print OUTFILE "multiplicity for Xi \n";

print OUTFILE "Xi- Xi0 Xi-bar Xi0bar \n";

print OUTFILE $countxim/$noe," ",$countxi0/$noe," ",

$countximbar/$noe," ",$countxi0bar/$noe,"\n";

F.2 Transverse momentum analysis script

This script is used to plot the transverse momentum distribution.

#!/usr/bin/perl

##################################

#
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### To calculate transverse momentum

### 1/N 1/pt dN/dpt

#

##################################

$dpt=.1;

$numfile=1;

$inname=’pbarA200_b_pbarXe_plb200_’;

for ($zz=1; $zz<=$numfile; $zz++){

open(INFILE, $inname.$zz.".f14");

while(<INFILE>) {

@stuff=split(’ ’);

if(/UQMD/){

}

elsif(/projectile:/){

$protar=$_

}

elsif(/equation_of_state:/){

}

elsif(/event#/){

$noe++

}

else{

if($#stuff==14 | $#stuff==13){

@x=@stuff[0..3];

@p=@stuff[4..7];

@id=@stuff[8..13];



85

$mass=$id[0];

$ityp=$id[1];

$iz2=$id[2];

$charge=$id[3];

$nocl=$id[5];

if ($ityp==27 && $charge==0){

$pt2pip=sqrt($p[1]*$p[1]+$p[2]*$p[2]);

$iptpip=int($pt2pip/$dpt);

$npip[$iptpip]++;

}

if ($ityp==106 && $charge==0){

$pt2pim=sqrt($p[1]*$p[1]+$p[2]*$p[2]);

$iptpim=int($pt2pim/$dpt);

$npim[$iptpim]++;

}

}

}

}

close INFILE;

}

open(OUTFILE1, ">dndptlambda_".$inname.".dat");

print OUTFILE1 "! p_t , 1/N dN/dpt \n";

foreach $i(0 .. $#npip){

print OUTFILE1 $i*$dpt+$dpt/2," ",

$npip[$i]/$dpt/$noe/($i*$dpt+$dpt/2),"\n";

}
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open(OUTFILE2, ">dndptk0_".$inname.".dat");

print OUTFILE2 "! p_t , 1/N dN/dpt \n";

foreach $i(0 .. $#npim){

print OUTFILE2 $i*$dpt+$dpt/2," ",

$npim[$i]/$dpt/$noe/($i*$dpt+$dpt/2),"\n";

}

F.3 Rapidity analysis script

For rapidity distribution, the following script below is useful.

#!/usr/bin/perl

##################################

#

### To calculate rapidity

### 1/N dN/dy

#

##################################

$dy=.1;

$numfile=1;

$inname=’pbarA1_pbarAu_plb100_’;

for ($zz=1; $zz<=$numfile; $zz++){

open(INFILE, $inname.$zz.".f14");

while(<INFILE>) {

@stuff=split(’ ’);

if(/UQMD/){

}

elsif(/projectile:/){
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$protar=$_

}

elsif(/transformation/){

$beta=$stuff[4];

$gam=1/sqrt(1-$beta*$beta);

}

elsif(/equation_of_state:/){

}

elsif(/event#/){

$noe++

}

else{

if($#stuff==14 | $#stuff==13){

@x=@stuff[0..3];

@p=@stuff[4..7];

@id=@stuff[8..13];

$mass=$id[0];

$ityp=$id[1];

$iz2=$id[2];

$charge=$id[3];

$nocl=$id[5];

if ($ityp==101 && $charge==1){

$ypip=(0.5*log(($p[0]+$p[3])/($p[0]-$p[3])))

+(0.5*log((1+$beta)/(1-$beta)));

$yminpip=-10;

$iypip=int(($ypip-$yminpip)/$dy);
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$npip[$iypip]++;

}

if ($ityp==101 && $charge==-1){

$ypim=(0.5*log(($p[0]+$p[3])/($p[0]-$p[3])))

+(0.5*log((1+$beta)/(1-$beta)));

$yminpim=-10;

$iypim=int(($ypim-$yminpim)/$dy);

$npim[$iypim]++;

}

}

}

}

close INFILE;

}

open(OUTFILE1, ">dndypip_".$inname.".dat");

print OUTFILE1 "! y , 1/N dN/dy \n";

foreach $i(0 .. $#npip){

print OUTFILE1 $i*$dy+$dy/2+$yminpip," ",$npip[$i]/$dy/$noe,"\n";

}

open(OUTFILE2, ">dndypim_".$inname.".dat");

print OUTFILE2 "! y , 1/N dN/dy \n";

foreach $i(0 .. $#npim){

print OUTFILE2 $i*$dy+$dy/2+$yminpim," ",$npim[$i]/$dy/$noe,"\n";

}
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F.4 Analysis script for read the data of Ξ−

In case of several output files, we can read only the important data by using

the script here.

#!/usr/bin/perl

#################################

#

# read data of Xi-

#

#################################

$numfile=200;

$inname=’xi_pbarp_ecm4.0_’;

for ($zz=1; $zz<=$numfile; $zz++){

open(INFILE, $inname.$zz.".f14");

while(<INFILE>) {

@stuff=split(’ ’);

if(/UQMD/){

}

elsif(/projectile:/){

$protar=$_

}

elsif(/transformation/){

$beta=$stuff[4];

}

elsif(/equation_of_state:/){

$ecm=$stuff[5];

$midy=log($ecm/0.938);
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$elab=$stuff[3];

$plab=$stuff[7];

}

elsif(/event#/){

$noe++

}

else{

if($#stuff==14||$#stuff==13){

@x=@stuff[0..3];

@p=@stuff[4..7];

@id=@stuff[8..13];

$mass=$id[0];

$ityp=$id[1];

$iz2=$id[2];

$charge=$id[3];

$nocolli=$id[5];

if ($ityp==49 && $charge==-1){

$count++;

$px[$count]=$p[1];

$py[$count]=$p[2];

$pz[$count]=$p[3];

$En[$count]=$p[0];

$beta1[$count]=$beta;

$nocol[$count]=$nocolli;

}

}
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}

}

close INFILE;

}

open(OUTFILE, ">dataxi_".$inname."3.dat");

print OUTFILE "noe: ",$noe,"\n";

print OUTFILE "beta_E_px_py_pz \n";

foreach $i(1 .. $count){

print OUTFILE $beta1[$i]," ",$En[$i]," ",$px[$i]," ",

$py[$i]," ",$pz[$i]," ",$nocol[$i],"\n";

}

F.5 Scattering number analysis script

This script provides the number of scattering of Ξ−.

#!/usr/bin/perl

#################################

#

# no of collision distribution of Xi-

# dn/dnoc(xi-) vs noc(xi-)

#

#################################

$dnc=.1;

$numfile=4;

$inname=’dataxi_au_pbarAu_ecm3.0_’;

for ($zz=1; $zz<=$numfile; $zz++){

open(INFILE, $inname.$zz.".dat");
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while(<INFILE>) {

@stuff=split(’ ’);

if(/noe:/){

$noev[$zz]=$stuff[1];

$noe=$noe+$noev[$zz];

}

else{

if($#stuff==4||$#stuff==5){

@xx=@stuff[0..5];

#$xx[0] = beta

#$xx[1] = Energy

#$xx[2] = px

#$xx[3] = py

#$xx[4] = pz

#$xx[5] = no of collision

$nxi=$xx[5];

$inxi=int($nxi/$dnc);

$n[$inxi]++;

}

}

}

close INFILE;

}

open(OUTFILE, ">nocoll_".$inname.".dat");

print OUTFILE "! noc , dN/dnoc \n";

foreach $i(0 .. $#n){
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print OUTFILE $i*$dnc+$dnc/2," ",$n[$i]/$dnc/$noe,"\n";

}

F.6 Momentum distribution analysis script

The following script below is used to analyze the momentum distribution

of Ξ−.

#!/usr/bin/perl

#################################

#

# momentum distribution of Xi-

# dn/dp(xi-) vs p(xi-)

# LaB Frame

#

#################################

$dpt=.01;

$numfile=1;

$inname=’XiAu_xiAu_plb0.03_’;

for ($zz=1; $zz<=$numfile; $zz++){

open(INFILE, $inname.$zz.".f14");

while(<INFILE>) {

@stuff=split(’ ’);

if(/UQMD/){

}

elsif(/projectile:/){

$protar=$_

}
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elsif(/transformation/){

$beta=$stuff[4];

$gam=1/sqrt(1-$beta*$beta);

}

elsif(/equation_of_state:/){

$ecm=$stuff[5];

$midy=log($ecm/0.938);

$elab=$stuff[3];

$plab=$stuff[7];

}

elsif(/event#/){

$noe++

}

else{

if($#stuff==14||$#stuff==13){

@x=@stuff[0..3];

@p=@stuff[4..7];

@id=@stuff[8..11];

$mass=$id[0];

$ityp=$id[1];

$iz2=$id[2];

$charge=$id[3];

if ($ityp==49 && $charge==-1){

$pzp=$gam*($p[3]+$beta*$p[0]);



95

$pxi=sqrt($p[1]*$p[1]+$p[2]*$p[2]+$pzp*$pzp);

$ipxi=int($pxi/$dpt);

$n[$ipxi]++;

$nall++;

}

}

}

}

close INFILE;

}

open(OUTFILE, ">labmom_".$inname.".dat");

print OUTFILE "! p_xi , dN/dpxi \n";

print OUTFILE "! ",$protar,"\n";

foreach $i(0 .. $#n){

print OUTFILE $i*$dpt+$dpt/2," ",$n[$i]/$dpt/$noe/$nall,"\n";

}
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Abstract

The capabilities of the ultra-relativistic quantummolecular dynamics (UrQMD)

model in describing antiproton–nucleus collisions are presented. The model

provides a good description of the experimental data on multiplicities,

transverse momentum distributions and rapidity distributions in antiproton–

nucleus collisions. Special emphasis is put on the comparison of strange

particles in reactions with nuclear targets ranging from 7Li, 12C, 32S, 64Cu

to 131Xe because of the important role of strangeness for the exploration of

hypernuclei at PANDA-FAIR. The productions of the double strange baryons

4− and 4̄+, which may be used to produce double3 hypernuclei, are predicted

in this work for the reactions p̄ + 24Mg, 64Cu and 197Au.

1. Introduction

Quantum chromodynamics (QCD) is the well-accepted theory to describe the physics of strong

interaction. However, for low and medium energy reactions where the distance scale is on

the order of 1/3QCD, interactions among quarks and gluons become so strong (αs ∼ 0.1)

[1] that perturbative methods cannot be applied anymore and one has to deal with QCD in

non-perturbative approaches. Aiming at the exploration of the non-perturbative features of

QCD antiproton annihilations on nuclear targets will be performed by the PANDA (antiProton

ANihilation at DArmstadt) experiment at the currently built Facility for Antiproton and Ion

Research (FAIR) [2].

The investigation of double 3 hypernuclei is one of the major physics topics of PANDA

together with the exploration of exotic charm and gluon states. The production of double 3

0954-3899/09/064049+06$30.00 © 2009 IOP Publishing Ltd Printed in the UK 1
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Table 1. Comparison between experimental data [7] and UrQMD results for the average

multiplicities of 3(60) and 3̄(6̄0).

〈n3(60)〉 〈n3̄(6̄0)〉

Target Experimental UrQMD Experimental UrQMD

Li 0.07 ± 0.01 0.06 0.06 ± 0.01 0.05

C 0.08 ± 0.02 0.07 0.06 ± 0.02 0.06

S 0.13 ± 0.01 0.11 0.07 ± 0.01 0.06

Cu 0.15 ± 0.02 0.17 0.05 ± 0.02 0.06

hypernuclei is based on the capture reaction 4− +p → 33, where the initial hyperon pair 44̄

can be produced in a primary antiproton+nucleus interaction [3]. In this work, we set the stage

for further studies of hypernuclei by exploring the production rates of strange and non-strange

particles in antiproton–nucleus collisions. The paper is arranged as follows: in section 2,

we employ the ultra-relativistic quantum molecular dynamics (UrQMD) model to calculate

the productions of strange particles (6 and 3) and compare the results to experimental data.

Section 3 shows the results on the creation of non-strange particles. The UrQMD predictions

for 4 production are given in section 4. Finally, in section 5, we conclude our work.

2. UrQMD results on strange particle production

In this section, we use the UrQMD model [4–6] to calculate the yields, transverse momentum

and rapidity spectra of strange particles in p̄ + nucleus collisions and compare the theoretical

results with experimental data. The UrQMD approach is based on the covariant propagation

of all incoming and secondary hadrons. It includes the annihilation of anti-baryons on baryons

as well the subsequent interaction of strange particles with the nuclear matter.

The experimental study of p̄ + 7Li, 12C, 32S, 64Cu collisions has been performed at

the Serpukhov proton synchrotron with the RISK streamer chamber spectrometer [7]. An

unseparated beam of negatively charged particles with momenta of 40 GeV/c is used as

an incident beam composed of a mixture of π−,K− and p̄ in the ratio of 100:1.8:0.3. In

the experiment, the average multiplicities of neutral hyperons, 3(60) and 3̄(6̄0), were

investigated in the following reactions:

p̄ + A → 3(60) + X, 3̄(6̄0) + X, (1)

where A stands for 7Li, 12C, 32S and 64Cu.

Shown in table 1 are our results as derived from the UrQMD model, compared with the

experimental data. We find that the UrQMD results, for 3(60) and 3̄(6̄0) production in

the reactions p̄ + Li, C and S, slightly underestimate the experimental results (but are within the

error bars), while for the p̄ + Cu reaction the UrQMD results slightly exceed the experimental

data within the given errors. With increasing the mass of nuclear targets, the yields of

3(60) also increase while the multiplicities of anti-hyperons, 3̄(6̄0), remain approximately

constant. Considering the experimental errors, however, the UrQMD predictions for the

averaged multiplicities of both 3(60) and 3̄(6̄0) are in line with the experimental data.

Next, we focus on the production of 3 and K0 in the reaction p̄ +131Xe at a p̄ beam

energy of 200 GeV [8]. These experiments have been performed by the NA5 Collaboration

at CERN SPS using a streamer chamber inside a 1.5 tesla superconductor vertex magnet.

Table 2 shows the comparison between the NA5 experimental data [8] and UrQMD calculations

on the average abundances of 3, K0, negative hadrons (h−), and the ratios 〈n3〉/〈nh−〉

2
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Figure 1. UrQMD results compared with experimental data [8] for transverse momentum

distributions (upper panels) and normalized laboratory rapidity distributions (lower panels). Here

3 (left panels) and K0 (right panels) are produced in p̄ + Xe reaction at 200 GeV.

Table 2. Comparison between experimental data by the NA5 Collaboration [8] and UrQMD results

on average multiplicities of 3, K0, negative hadrons (h−) and ratios.

〈n3〉 〈nK0 〉 〈nh− 〉 〈n3〉/〈nh− 〉 〈nK0 〉/〈nh− 〉

Experimental 0.261 ± 0.04 0.610 ± 0.096 8.54 ± 0.15 0.031 ± 0.005 0.071 ± 0.011

UrQMD 0.228 0.695 8.54 0.027 0.081

and 〈nK0〉/〈nh−〉. Again, one observes that the UrQMD calculations provide a satisfactory

description of the experimental results.

To obtain more insights, we compare UrQMD results with experimental data for the

transverse momentum distributions and normalized laboratory rapidity distributions
(

1
N

1
pt

dN
dpt

and 1
N

dN
dy

)

, with N being the number of events and pt being the transverse momentum and y

denoting the rapidity [8]. The transverse momentum distributions of 3 and K0 are illustrated

in figure 1 (upper panels). It appears that the UrQMD calculations slightly underestimate the

3 production at higher momenta (pt larger than 1.2 GeV/c) while the K0 production at low

momenta (pt less than 0.5 GeV/c) are slightly lower in UrQMD as compared to the data.

Considering the large experimental errors, however, one can still conclude that the UrQMD

calculation is in line with the experimental data.

3
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Figure 2. UrQMD results compared with experimental data [9] for p2
t distributions of π− (left)

and π+ (right) produced in p̄ + 108Ag at a p̄ momentum of 100 GeV/c.

The lower right panel of figure 1 depicts the comparison between experimental data

and UrQMD results on the normalized laboratory rapidity distributions. It is found that

the UrQMD result agrees with the experimental data for the K0 production. The positively

skewed, bell-shaped K0 rapidity distribution reveals that K0 are dominantly produced in the

target fragmentation region. The 3 rapidity distribution in figure 1 (lower left panel) shows

that the UrQMD calculations underestimate the yield of 3 in the central rapidity region.

However, one should note that also here the experimental data suffer from substantial errors.

The UrQMD predicted peak at y ∼ 0 indicates that the ejection of 3 happens mainly in the

target fragmentation region.

3. UrQMD results on non-strange particle production

Experimentally, reactions of p̄ + 24Mg, 108Ag and 197Au at p̄ momenta of 100 GeV/c have

been performed at Fermilab in the experiment E597 with the Fermilab 30 inch bubble chamber

and downstream particle identifier (DPI) to study the production of inclusive charged pion

spectra [9]. To compare to this data, we employ the UrQMD model and explore the production

of π± in the reactions:

p̄ + Mg, Ag, Au → π± + X. (2)

The comparison between the experimental data and the UrQMD predictions on p2
t

distributions is shown in figure 2. Due to the limited space we restrict ourselves to the π±

production from p̄+Ag → π±+X reactions since the results for Mg, Ag and Au targets are quite

similar. Figure 2 clearly shows that the UrQMD calculations agree well with the experimental

data on the transverse momentum spectra of π−, in the case of π+ a slight deviation from the

data is observed toward high p2
t . However, one may note that π are mainly produced at low

momenta.

4. Model predictions for ΞΞ̄ production

As seen in sections 2 and 3, UrQMD reproduces the experimental data of strange and non-

strange particles reasonably well. Thus, one can conclude that the UrQMD model is a suitable

tool to predict strange particle spectra and abundancies in antiproton–nucleus collisions. In

4
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Figure 3. Multiplicities of 4− and 4̄+ from the reactions of p̄ + Mg, Cu and Au collisions.

this section, we employ the UrQMD model to provide information of productions of the multi-

strange hyperons 44̄ which are the important ingredients for double 3 hypernuclei formation.

Figure 3 depicts the multiplicities of 4− and 4̄+ as calculated in the UrQMD model for the

reactions p̄ + 24Mg, 64Cu and 197Au at center-of-mass energies from 3 to 4 GeV. It is found

that the multiplicities of 4− are very similar for the different targets but significantly increase

with increasing center-of-mass energy. The multiplicities of 4̄+ are considerably different for

different reactions. The multiplicity of 4̄+ produced with the Mg target is clearly higher than

4̄+ from the Cu target, and the multiplicity of 4̄+ from the Au target is almost zero for the

whole inspected energy region. This observation can be well understood, because a bigger-

sized nucleus provides a higher chance for 4̄+ to be absorbed by subsequent collisions with

the nucleons. The predicted multiplicities provide useful information for the trigger condition

for double 3 hypernuclei production.

5. Summary

Within the UrQMD model we have calculated the multiplicities of 3(60) and 3̄(6̄0) (anti-)

hyperons produced in p̄ + A collisions at 40 GeV/c and found that the theoretical results are

consistent with the experimental data. The UrQMD calculations also reproduce quite well the

experimental data for the production of 3, K0 and negatively charged hadrons (h−) in the

reaction p̄ + Xe at a p̄ momentum of 200 GeV.

The UrQMD calculations reproduce well the experimental data for the transverse

momentum distributions of 3 and K0 and the theoretical results are also in line with the

data for the normalized lab rapidity distributions. The positively skewed curves in figure 1

for the rapidity distributions of both 3 and K0 indicate that the particles are mainly produced

in the target fragmentation region, and the dominant production of 3 at y ∼ 0 suggests that

a large number of the particles are produced in the transverse direction. The UrQMD results

on pion production in the reactions p̄ + Mg, Ag and Au are found to be consistent with

the experimental data, too. Finally, we have calculated the multiplicities of hyperons 44̄

5



102

J. Phys. G: Nucl. Part. Phys. 36 (2009) 064049 A Limphirat et al

in different reactions. These predictions are helpful to estimate the trigger conditions in the

planned double 3 hypernuclei experiments.
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