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Effective realistic nucleon-nucleon (NN) potentials that
do not scatter to high momenta contain momentum depen-
dent contributions. The Argonne potential [1] transformed
by means of the Unitary Correlation Operator Method [2],
for example, has aquadratic momentum dependence. Inter-
actions arising from the Similarity Renormalization Group
(SRG) method [3] show a more complicated momentum
dependence, which is, however, not transparent as these
potentials are constructed directly in matrix element rep-
resentation.

To investigate the momentum dependence of NN poten-
tials given by matrix el ements, we use the phase-space rep-
resentation introduced by Kirkwood [4]. In this represen-
tation the phase-space distribution f,, (7, 7) for a density
operator p and the representation O, (7, ) of an operator
O aregiven by

Fos(7.5) = 2m)** (7 |o| ) 5| 7) (18)
Ops (7, 1) = (2m)*/* (7|0 5){ 7| 7). (1b)

such that
(0) =Tx(p0) [ &1d*p f3,(7.5) - O (19

For a potentia given in partial wave matrix elements
(kLM;S;T |V|pLM;S;T ), with the momentum quan-
tum numbers L and M and spin and isospin S and T,
Eq. (1b) can be rewritten as

Vps (7, ) =dme ™7y " il VL (MY (p)x
L,M

/ dkk*( kLM; S;T |V|pLM; S;T )jr(rk), (2)
0

whereY s isaspherical harmonicand j;, aspherical Bessel
function. We describe the angular part of V. (7, 7) by an

expansion in Legendre polynomials Py (7 - p):
Vps (7, 0) = Zl

Fig. 1 shows the first terms of this expansion calcu-
lated by means of Eq. (2) from the matrix elements of dif-
ferent potentials, namely a local potential V' (r), a poten-
tial with quadratic momentum dependence, and a potential
with quadratic angular momentum dependence. For the lo-
cal potential, V,s(7,p) is just V(r) and the phase-space

erArﬁ) (3)
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representation does not depend explicitely on p and the
angle between i and p. For the guadratic momentum de-
pendent potential V = 1 (p2V(r) + V(r)p?) the phase-
space representation shows a characteristic quadratic mo-
mentum dependencefor A = 0 and a A = 1 contribution
reflecting the fact that ¥ and p do not commute. All higher
A-contributions vanish. V,,(7, p) of the quadratic angular
momentum potential contains terms up to A = 2. Poten-
tials with more complicated momentum dependencies, for
example from a SRG transformation, would create contri-
butions also for higher A.
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Figure 1: Phase-space representation Vp’; (r,p) in arbitrary
unitsfor @ V=V(r),(p) V=1 (*QV(r) +V(r)p?),

©V = V@)L V(r) = e 5.

These results show that the phase-space representation
is able to visualize the (non-) local structure of a potential.
In further studies we plan to employ this method to inves-
tigate the momentum dependence of various realistic NN
potentials given in matrix representation.
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For the description of scattering processes and reso-
nances a proper treatment of the continuum is necessary.
To achieve such a description in a microscopic many-body
approach one has to connect compact configurations that
describe the internal part of the wave function with exter-
nal cluster configurations representing the open channels.

We have developed such an approach within fermionic
molecular dynamics (FMD). FMD uses a wave-packet ba-
sis that alows to describe the internal parts of the wave
function and the external cluster channels on equal foot-
ing. The matching to the asymptotic behavior as given by
two point-like clustersinteracting only via Coulomb is per-
formed in the microscopic R-matrix formalism.

As a first example we discuss the continuum states in
12C. We previously studied '2C in bound state approxima-
tion[1]. Thefocuswas on the properties of the Hoyle state,
which lies just above the 8Be-*He threshold. Whereas the
bound state approximation is expected to work well for a
very narrow resonance like the Hoyle state thisis no longer
true for other resonances like the second 2+ state. The res-
onance position and width for this state could only be deter-
mined very recently by direct excitation with photons[2].
The existence and the nature of other states in the contin-
uum is still hotly debated.

To address these questions we extend our calculations
with a proper treatment of the continuum. Before doing
the full FM D cal culation a study within the microscopic a-
cluster model has been performed. The microscopic cluster
model with full antisymmetrization and employing a phe-
nomenological two-body interaction proved to be success-
ful in describing many propertiesof 12C. Intheinternal re-
gion the Hilbert space is built from three-a: configurations
on atriangular grid. In the external region ®Be-*He con-
figurations are added. The ®Be eigenstates are obtained
in bound state approximation by diagonalizating config-
urations up to 9 fm distance. Our results will have to
be checked for convergence with respect to increasing the
number of included ®Be (pseudo-) states. Technically the
challenge is related to the restoration of rotational symme-
try. First the intrinsic wave functions for ®Be have to be
projected on good angular momentum. In a second step the
8Be-*He configurations (with different orientations of the
8Be spin) have to be projected on total angular momentum.
For solving the Schrodinger equation with the microscopic
R-matrix method, Hamiltonian and norm kernels for the
different channels have to be calculated.

In Fig. 1 the calculated phase shifts (from the diagonal

*Work supported in part by EMMI.
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Figure 1. Phase shifts and inelasticity parameters for ®Be-
4He scattering in 01 (top) and 2% channels (bottom).
8Be(0) (bluelines) and ®Be(2+) (red lines) configurations
areincluded.

matrix elements of the coupled-channel S-matrix) in the
0F and 2F channels are shown. We included here the 8Be
ground state and the first 2+ state at 3 MeV. In the 12C
0" channel the extremely narrow Hoyle state resonance at
300 keV is not resolved when scanning over the energy.
Its resonance properties can be calculated by employing
Gamow boundary conditions. A second 0 resonance at
4 MeV is related to the opening of the ®Be(21) channel.
As can be seen in the inelasticities (the magnitudes of the
diagonal S-matrix elements) there is a strong coupling be-
tween the 8Be(0") and 8Be(2*) channels. When adding
additional ®Be channels we observe additional resonances
in the region above 4 MeV. This might explain the experi-
mental observation of avery broad resonance at 10.3 MeV.
In the 12C 2+ channel aresonance of Be(01)-*He nature
a 1.5 MeV isfound. In a next step we will calculate the
B(E2) transition strength distribution to compare with the
experimental result [2]. Additional resonances again ap-
pear after crossing the ®Be(21)-*He threshol d.
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New modes of excitation in neutron-rich nuclei are de-
scribed by an advanced Hartree-Fock-Bogoljubov (HFB)
plus multiphonon approach.

Here, we report on recent spectroscopic studies in N=50
isotones based on the Quasiparticle-Phonon Model (QPM).
The systematic calculations of dipole strength functions in
these nuclei indicate enhanced E'1 strength in the energy
range from 6 to 10 MeV in agreement with the experimen-
tal observations [1]. From quasiparticle-random-phase ap-
proximation (QRPA) calculations, the energy region below
E*<9 MeV is related to the pygmy dipole resonance (PDR)
which total strength smoothly decreases with increasing
charge number Z closely correlated with the thickness of
the neutron skin. We point out that the QRPA is unable to
account for the detailed description of the dipole strength
function. However, three-phonon QPM calculations can re-
produce the fine stucture of the latter fairly well as it fol-
lows from the comparison with the experiment [1]. Such
precise knowledge of nuclear response functions is very
important for the determination of photonuclear reactions
cross sections for the astrophysics.

The microscopic strength functions have been imple-
mented successfully into statistical reaction codes to in-
vestigate n-capture cross sections of astrophysical impor-
tance [2]. Our recent result on the n-capture cross sec-
tion of the reaction 8°Kr(n,v)3%Kr [2] is shown in Fig.
1. As seen, the microscopic calculations are in a very
good agreement with the experimental data on the one
hand and the HFB+combinatorial results on the other hand
[2]. This agreement is confirming the predictive power
of involved many-body theoretical methods like the QPM
for exploratory investigations of n-capture reaction rates in
hitherto experimentally inaccessible mass regions.

Recently, the fine structure of the M 1-Giant Resonance
(GR) in the nuclide ?°Zr was investigated [3]. Measure-
ments performed in the range 7-11 MeV reveal a M1 res-
onance structure with centroid energy of 9 MeV and a
summed strength of 4.5(4) n%,. These data are fully re-
produced in three-phonon QPM calculations [3]. The the-
oretical investigations which are presented in Fig. 2 indi-
cate a strong increase of the contribution of the orbital part
of the magnetic moment due to coupling of multiphononon
states. Of special interest is the behavior of the M1 strength
at higher energies close to and above the neutron-separation
energy where the experimental accessibility is strongly re-
duced. For these regions, the theory predicts the existence

*Work supported by the HIC for FAIR, GSI-JLU Giessen collaboration
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Figure 1: (color online) Cross section of %5 Kr9(n,~)%Kr
calculated with TALYS using experimental dipole (in
black) and QPM strength functions (in red) from Ref. [1].
The predicted uncertainties (shaded area) are derived from
the experimental errors of the dipole strength function and
from variations in the nuclear level density parameters.
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Figure 2: (color online) The measured M1 strength of dis-
crete 11 levels in °°Zr compared with three-phonon QPM
predictions from Ref. [3].

of a strongly fragmented M1 strength with summed value
of several pi%;. The latter is a very interesting finding which
sheds light to the understanding of the long-standing prob-
lem with the quenching and dynamics of the M1 strength.
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A core collapse supernovais emitting most of it's energy 107 el
up to 10° erg in form of neutrinos of all flavours. The 106
microphysics of neutrino transport is therefore an impot
tant ingredient to understand this astrophysical scenari__
Present supernova simulations do not include charged ci& 104
rent weak interaction for muon type neutrinos. These re
actions are considered to be suppressed due to the large=
value of the muon mass. As a consequence the spectrag 102
muon and tau-type neutrinos is the same. Also the diffe
ence between, andy, is minor. However, in the interior
of a proto-neutron star chemical potentials and temper. 10°
tures are large enough in the first seconds to allow for pr L s ,
duction of muons. Using conditions that were taken fron 10 101 10t
1D hydrodamical supernova simulations with full Boltz- Density[g fem?]
mann neutrino transport [1], we have derived and calcu-
lated the following reactions: Figure 2: Rate of:—-production per baryon per second

Vp+n—p+p” Vpte —vetp
Vy+Vet+e —u- Vete — U, +u-

1_JL.+E_—)1_J#+,L!_
Vet =+ -
wetRr— pdpT
Vet BT =l E

] ) ) We also find that the production timescale of muons is com-
The v,-absorption on neutrons is calculated in analogyaraply fast to the dynamical timescale. Muons will be in
to absorption of electron-neutrinos [2, 3]. The three lepehemical equilibrium already at bounce. This should lead
tonic processes are derived similar to neutrino scattering ine production of a positive net muon number in the core
on electrons [4, 5, 6]. We find that especially the absorptiogs the PNS. Also, once muons are present the charged cur-
of 1, on neutrons and on electrons is a significant opacitynt reactions contribute significantly to the equilibvatof
source in the region where the neutrinos decouple energgt- of 5| energies. Eventually this might affect the delep-
ically from the matter, at densities abol@' g/cn’. tonization timescale of the PNS. The changes in the spec-
We argue that charged current opacitiesfowill prob- 5 could further be important for neutrino oscillations es
ably change the respective neutrino spectrum so it migfkia|ly since the oscillations are sensitive to speciifal d
differ significantly from the other heavy-neutrino flavours forences. Finally we suggest that muonic charged current

*Work supported GSI, HIC for FAIR, H-QM reactions should be implemented in future dynamical simu-
lations of core collapse supernova to study their effeatls an
to achieve an improved understanding/pfspectra forma-
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Core-collapse supernova are relevant, e.g., for the syn-
thesis of heavy nuclei and the formation of neutron stars.
In such explosions, densities up to the nuclear saturation
density as well as temperatures up to about 40 MeV are
reached. If the mean nuclear density reaches about 10%
of the nuclear saturation density, the matter forms rods to
lower its surface energy. A further increase of density leads
to slabs and even to inverted pasta, where the low density
gas phase has the shape of the described pasta phases. Pasta
shapes can be relevant e.g. for neutrino scattering which is
important for the heat transport in a supernova or proto-
neutron star.

The pasta matter is investigated here with the time-
dependent Hartree-Fock approximation (TDHF) with the
code explained in [1]. The wave functions on a 3d grid
with periodic boundary conditions are evolved in time with
finite time steps of At = 0.1 fm/c. For the present calcu-
lation a cubic box was taken with a lattice spacing of 1 fm
and a box length of 16 fm.

As initial conditions a-particles are distributed randomly
in space keeping a minimal distance between them and
in momentum space with a Maxwell-Boltzmann distribu-
tion. Free background neutrons are added as plane wave
states with Fermi distribution of momenta. The setups are
evolved in time until topological stability is reached. Then
the temperature is roughly estimated with a Fermi gas ap-
proximation.

Fig. 1 exemplifies the emerging shapes, ordered by the
mean density at which they appear. At low mean densities
nearly spherical nuclei and “rods”, infinitely long in one
dimension, are found. “Rod(2)” and “rod(3)” are shapes
where two or three rods are connected pointing in perpen-
dicular directions. Note that for the slab shape which is
doubly periodic and the rod(3) shape the gas and liquid
phases are topologically identical. For higher volume frac-
tions, the corresponding bubble shapes appear. All shapes
can be uniquely classified by two simple scalar measures of
the surface profile (Minkowski scalars), namely the integral
mean curvature and the Euler number [2].

Figure 2 shows the map of the resulting pasta shapes. For
the lowest temperature the shapes are well ordered. Pasta
shapes exist for high temperatures at low densities. But the
temperature for the transition to uniform matter decreases
with increasing density.

*This work was supported by the BMBF under contract number
05P12RFFTG, DFG for the grant ME1361/11 and by Grants-in-Aid for
Scientific Research on Innovative Areas through No. 24105008 provided
by MEXT. The calculations have been performed on the cluster of the
Center for Scientific Computing of the Goethe-Universitat Frankfurt.
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Figure 1: Shapes of pasta structures. Bubble shape illus-
trations show gas phase, indicated by the color-scale [from
0.03 fm (blue/light gray) to 0.12 fm (red/dark gray)]. (a)
Sphere. (b) Rod. (c) Rod(2). (d) Rod(3). (e) Slab. (f)
Rod(2) bubble. (g) Rod bubble. (h) Sphere bubble. This
figure is taken from Ref. [2].

Orod
Erod(2) bubble Mrod bubble @sphere bubble O uniform
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Figure 2: Map of pasta shapes for various temperatures and
mean densities. Each dot represents two calculations. This
figure is taken from Ref. [2].
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The symmetry energy E.., characterizes the energy
change of strongly interacting matter when the isospin
asymmetry ¢ is varied and all other independent quantities
such as the baryon density n g or temperature 7" are kept
constant. The density dependence of E, is widely stud-
ied in experiment and theory since its precise form has a
strong impact on the evolution of core-collapse supernovae
and the structure and cooling of (proto) neutron stars.

For nuclear matter, the symmetry energy is usually cal-
culated by assuming a uniform distribution of the con-
stituent particles. However, dilute nuclear matter is not sta-
ble against density fluctuations and inhomogeneous mat-
ter on different length scales develops. E.g., at densities
below saturation, clusters or macroscopic phases appear,
which affect the actual density dependence of Eyy,. At fi-
nite temperatures, the symmetry free energy Fi,.,, and the
symmetry internal energy Uy, have to be distinguished.
In addition, the results depend on the precise definition of
the symmetry energy. These effects are studied in Ref. [1]
using a relativistic density functional (RDF) approach with
density dependent meson-nucleon couplings. The param-
eters of this phenomenological description are well con-
strained by fitting to properties of finite nuclei [2].

In nuclear matter at densities below saturation, the
liquid-gas phase transition with coexisting low and high
density phases was explicitly considered in the determina-
tion of the symmetry energy. As an example, the density
dependence of Uy, for various temperatures is depicted in
Figure 1 employing the finite difference formula, i.e. tak-
ing the difference of the energy per nucleon in pure neutron
matter and in symmetric nuclear matter. This is equivalent
to the standard definition using second derivatives with re-
spect to the asymmetry § only if the energy per nucleon is
a quadratic function of 6. However, the former, finite dif-
ference definition gives more appropriate results for study-
ing the variation of the energy with isospin. The liquid-
gas phase transition leads to a substantial increase of the
binding energy in symmetric nuclear matter due to the oc-
currence of a strongly bound high density phase. Hence
a large finite symmetry energy is observed in particular at
low temperatures even at very low densities.

In stellar matter, not only the strong interaction between
the particles but also the electromagnetic interaction, which
is artificially switched off in nuclear matter calculations,

*Work supported by the Helmholtz Association through the Nuclear
Astrophysics Virtual Institute (VH-V1-417).
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Figure 1: Density dependence of the symmetry internal en-
ergy of nuclear matter with liquid-gas phase transition for
various temperatures.

has to be considered. The charge neutrality condition is en-
sured by adding electrons and muons in proper amounts.
The interplay between the surface tension and Coulomb re-
pulsion leads to cluster formation on typical length scales
with the size of nuclei. The RDF approach for nuclear
matter has been extended to a generalized RDF with ex-
plicit cluster degrees of freedom [1, 2] including internal
excitations of nuclei. Besides light (?H, 3H, 3He, *He)
and heavy nuclei (A > 4), nucleon-nucleon correlations in
the continuum are included in an effective way [3]. They
are necessary in order to reproduce the model-independent
low-density benchmark, the virial equation of state. The
formation and dissolution of cluster correlations are mod-
eled by medium-dependent mass shifts, which are mainly
driven by the action of the Pauli principle. With proper
corrections for the effects of the Coulomb interaction, the
symmetry energy in stellar matter exhibits similar features
as in nuclear matter with liquid-gas phase transition.
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The chiral condensate is an order parameter for charac-
terizing the chiral phase transition in dense and hot strongly
interacting matter. Owing to the fermion sign problem,
there are no first-principle QCD results for the phase dia-
gram at low temperatures and high densities, the conditions
probed in neutron stars. Recent observations of neutron
stars with 2 Mg masses provide general constraints on the
equation of state (EOS) of cold strongly interacting mat-
ter, and put into question whether exotic phases that tend to
soften the EOS are realized in neutron stars. At densities
n < ng, where ng = 0.16 fm 2 denotes nuclear saturation
density, the properties of nuclear systems have been studied
systematically based on nuclear forces derived within chi-
ral effective field theory and using renormalization group
methods. In this work, we use chiral EFT interactions to
study the chiral condensate as a function of density in neu-
tron matter, based on perturbative calculations around the
first-order Hartree-Fock energy.

The chiral condensate in neutron matter relative to the
vacuum is given by [1]

(@a)n _ moxn (| 3kp N
(@a)o [z m3 10m3y

~n 0 Ei(mg, kr)
f2om2 N

The leading o, contribution to the chiral condensate in
Eqg. (1), which is due to the mass term in Esee/N, is linear
in density and is shown in Fig. 1 by the dashed line. For
the density range shown in Fig. 1, where chiral EFT inter-
actions can be applied with confidence, the kinetic energy
contribution is only a 4% correction relative to the leading
term, while relativistic corrections, indicated by the dots in
Eqg. (1), are negligible at these densities [1].

We calculate the explicit m, dependence of nuclear
forces by varying the value of the pion mass in the pion-
exchange NN, 3N, and 4N interactions. At the NN level,
we use the N3LO potentials of Epelbaum, Gléckle, and
Meilner [2] with cutoffs 450/500 and 450/700 MeV. With
these NN interactions neutron matter is perturbative at the
densities considered here [3, 4].

We find that nuclear interactions impede the restora-
tion of chiral symmetry in neutron matter at zero temper-
ature. The net effect of interactions remains below 10%
for n. < 0.2 fm ™3, but grows with increasing density. The
dominant source of uncertainty is the o .5 term. We con-
clude that for moderate densities, say n < 0.3 fm ~, a chi-

. )
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Figure 1: Chiral condensate (Gq)./{gq)o as a function of
density in neutron matter [1]. The dashed line is the lead-
ing pion-nucleon sigma-term contribution. The interaction
contributions are obtained from the N3LO neutron-matter
calculation of Refs. [3, 4]. The bands for each NN poten-
tial include uncertainties of the many-body calculation, of
the ¢; couplings of 3N forces, and those resulting from the
3N/4N cutoff variation.

ral phase transition in neutron-rich matter therefore seems
unlikely, although we cannot exclude a strong first-order
transition. For the densities considered here, we find a good
convergence of the chiral condensate from N2LO to N3LO
in chiral EFT. It would be very interesting to calculate the
chiral condensate also for higher densities. While a system-
atic calculation in chiral EFT is difficult at densities much
higher than n = 0.2 fm 3, astrophysical observations pro-
vide valuable constraints.
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A low-ener gy effective model for quantum chromodynamics'

J. Berges! and D. Gelfand!
lUniversity of Heidelberg, Heidelberg, Germany

In alow-energy effective model for quantum chromody-
namics, we studied the real-timedynamicsin alinear sgma
model coupled to two light quark flavors. We found a dra-
matic amplification of quark production in the presence of
highly occupied bosonic quanta for weak as well as strong
effective couplings. For the mesonic sector we confirmed
the existence of a turbulent scaling regime, known from
previous studies of purely mesonic effective theories. Us-
ing for thefirst timereal-timelattice field theory techniques
with dynamical fermions in 3+1 dimensions, we demon-
strated the failure of standard semiclassical descriptions
based on the Dirac equation with a homogeneous back-
ground field to capture these phenomena[1].

To get a more detailed picture of quark dynamics and
to test our approach we considered the range of validity
of different methods: lattice simulations with male/female
fermions, the mode functions approach and the quantum
2P| effective action with its associated kinetic theory. For
strongly coupled quarks we found a rapid approach to a
Fermi-Dirac distribution with time-dependent temperature
and chemical potential parameters [2], while the mesons
are till far from equilibrium.

We employed and improved the available real-time lat-
ticetechniquesin order to investigate fermi on—anti-fermion
production in gauge theory, considering 1 + 1 dimensional
QED. In this non-perturbative approach the full quan-
tum dynamics of fermions is included while the gauge
field dynamics can be accurately represented by classical-
statistical simulationsfor relevant field strengths. We com-
puted the non-equilibrium time evolution of gauge invari-
ant correlation functions implementing 'low-cost’” Wilson
fermions. Introducing a lattice generalization of the Dirac-
Heisenberg-Wigner function, we recovered the Schwinger
formulain 1 + 1 dimensions in the limit of a static back-
ground field. We discuss the decay of the field due to the
backreaction of the created fermion—anti-fermion pairsand
apply the approach to strongly inhomogeneous gaugefields
[3]. Thelatter allows usto discuss the striking phenomenon
of alinear rising potential building up between produced
fermion bunches after the initial electric pulse ceased and
its decay, a phenomenon closely related to string-breaking
in quantum chromodynamics.

Following these investigations we focused on the real-
time dynamics of string breaking in quantum electrody-
namics in one spatial dimension. A two-stage process
with a clear separation of time and energy scales for the
fermion—antifermion pair creation and subsequent charge

*Work supported by HIC4FAIR/IEMMI
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separation leading to the screening of external chargeswas
found [4]. Going away from the traditional setup of exter-
nal static charges, we established the phenomenon of mul-
tiple string breaking by considering dynamical chargesfly-
ing apart.
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4Frankfurt Institute for Advanced Studies, Frankfurt am Main, Germany

Deconfinement can be described by the spontaneous
breaking of Z(3) center symmetry. The relevant quanti-
ties to study are the Polyakov loop and its susceptibilities.
The Polyakov loop reflects the free energy of a static quark
immersed in a hot gluonic medium. At low temperatures
its thermal expectation value vanishes, signaling color con-
finement, while at high temperatures it is nonzero, resulting
in a finite energy of a static quark and consequently the de-
confinement of color. It is thus an order parameter for the
deconfining phase transition.

The Polyakov loop susceptibility, on the other hand, rep-
resents fluctuations of the order parameter. It exhibits a
peak at the transition temperature, and a width that signals
the temperature window in which the phase transition takes
place. While the basic thermodynamic functions of the
SU(3) pure gauge theory, such as pressure and entropy, are
well established within the lattice approach, the tempera-
ture dependence of the renormalized Polyakov loop and its
susceptibilities are less clear. A careful study of these quan-
tities will improve our understanding of the QCD phases.

In SU(3) gauge theory, the Polyakov loop is a complex-
valued operator. One can therefore explore the fluctua-
tions of the order parameter along the longitudinal (real)
and transverse (imaginary) directions. However, the proper
renormalization for these composite gluonic correlators re-
mains ambiguous. One way to circumvent this problem is
to consider the ratios of susceptibilities [1].
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Figure 1: The ratio of Polyakov loop susceptibilities, R =
xT/Xxr, in pure gauge system and in (2+1)-flavor QCD.
The temperature is normalized to the (pseudo)critical value
in each system. The lines show the results of the Polyakov
loop model [2].
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Fig. 1 shows the temperature dependence of the ratio of
the transverse and longitudinal Polyakov loop susceptibil-
ities, obtained in SU(3) gauge theory and in (2+1)-flavor
QCD [2]. In the pure gauge limit (N; = 0), the ratio Ry
is discontinuous at 7., and change only weakly with tem-
perature on either side of the transition. This feature makes
the ratio ideal for probing deconfinement. At high temper-
atures, the Z(3) symmetry is spontaneously broken. The
pure gauge result indicates a small value for this ratio. In
terms of an effective potential, this finding suggests that,
around the global minimum associated with the symmetry-
broken vacuum, the curvature in the transverse direction is
much steeper than that in the longitudinal direction.

In the presence of light quarks, the Polyakov loop is
no longer a true order parameter for deconfinement ow-
ing to the explicit breaking of the Z(3) symmetry. The
ratio is smoothened and vary continuously across the pseu-
docritical temperature. One expects that the width of the
crossover transition depends on the number of flavors and
the values of quark masses. The value of R at high tem-
peratures is found to deviate substantially from the pure
gauge limit. An interpretation of this feature is still lack-
ing.

We conclude that the ratio of Polyakov loop suscepti-
bilities provides an excellent signal for the deconfinement
phase transition. One immediate application of this work is
to constrain the parameters used in effective models, thus
providing a more realistic description of the QCD phase
structure [2]. Further, more detailed lattice calculations are
needed in order to obtain robust results for the gluonic cor-
relation functions, as well as a better understanding of the
systematic uncertainties.
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QCD phase structure and conserved charge fluctuationsin a chiral effective
model*

P. Rau!, J. Seinheimer?, S. Schramm®, and H. Stocker?
2GSl, Darmstadt, Germany; FIAS, Goethe University, Frankfurt

Using the well-established chiral effective model for
QCD matter, which includes al known hadrons up to
m = 2.6 GeV and quarks, this study examines the phase
structure of QCD matter and fluctuations of conserved
charges focussing on the chiral and deconfinement phase
transition. At small baryochemical potentials the effective
model shows a smooth cross over in both order parameters
and, at larger potentials, does not give indications for the
existence of afirst order phase transition and a critical end
point. Compared to lattice QCD and thermal model fits of
experimental data the chira transition from the effective
model isin line with recent data (Fig. 1).

At the phase transition conserved charges show large
fluctuations which can be measured by susceptibility
coefficients y. Baryon number fluctuations are largely
suppressed by the finite volume of hadrons and the
suppressive particle interactions with vector fields (Fig. 2).
It shows that in the hadronic phase below T'. coupling
strengths are of the order of the nucleon couplings.
However, in the quark sector above T, large fluctuations
found in lattice QCD restrain quark vector couplings close
to zero and particlesat 7' > T, are amost acting like an
ideal gas. With this model a redlistic equation of state
has been compiled which can be used for studying heavy
ion collisions in dynamic models as well as neutron star
properties.

170 -
160 [ Ill"lllllllllllllllll"l o
L ""l"|llllll""""""""'"
150 (5 g - "

,E N% Q: m i
140 TN & ~ -
L © —
> i
130 ro lattice T(1g): PRD83, 014504 (2011) o
=, Cleymans: PRC73, 034905 (2006) 1
120 [+ | mm= Andronic: PLB673, 142 (2009) N
r mmmn chiral model: PRC85, 025204 (2012) 7
110 - | =&~ ALICE: NPA904, 535¢ (2013) -
¥~ STAR: PRC79, 034909 (2009) 8
100 |- | -E NA49: PRCB5, 044921 (2012) HB‘[MEV]f
LI L T T o T T L
0 50 100 150 200 250 300

Figure 1: Chiral transition at small i from lattice QCD
(gray band) and from the chiral model (black line) con-
trasted to freeze-out curves from statistical and thermal
model fitsfor SPSto LHC energies (,/snn in GeV).
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Figure 2: Second-order baryon number susceptibility of the
hadron resonance gas (black line) and of the full model
including hadrons and quarks (blue lines). Strong vector
couplings suppress fluctuations and the Stefan-Boltzmann
limit a high 7" may only be reached for vanishing quark
vector couplings g4 (dashed blue line).
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The investigation of the phase diagram of Quantum
Chromodynamics (QCD) at finite temperature and density
is an area of very active experimental and theoretical re-
search [1] due to the existence of a variety of symme-
try broken phases, the transitions between them and the
presence of strong interactions. A straightforward appli-
cation of lattice methods is inhibited by the property that
for nonzero chemical potential the path integral measure
of the QCD Lagrangian is complexAn instructive way to
approach the full problem and to shed light on particular
aspects is the investigation of deformations of QCD [2].
Generally, this can be achieved by changing e.g. mass pa-
rameters, symmetries or the field content. In this work,
we will choose the latter two possibilities and study a the-
ory similar to real QCD, however with two colors, N, = 2,
and two quark flavors IV ; = 2. An appealing feature within
this two-color two-flavor version of QCD is that, apart from
the chirally broken mesonic phase of quark-antiquark pairs,
it allows for the formation and (Bose-Einstein-) condensa-
tion of colorless diquarks, i.e. a bosonic baryon state. This
results in a rich phase diagram with two dynamically com-
peting order parameters.

In this work we employ a functional renormaliza-
tion group (FRG) approach to an effective quark-meson-
diquark model to study the phase diagram of two-color
QCD. The FRG method is a suitable tool for the systematic
study of (strongly) interacting field theories allowing for
the formulation and computation of non-perturbative ap-
proximation schemes.The present work systematically ex-
tends the truncation scheme in Ref. [3] by taking into ac-
count the scale dependence of the wave function renormal-
izations as well as the renormalization of the Yukawa cou-
pling between the quarks and the order parameter fields.
Additional quantitative effects can be accessed systemat-
ically by extensions of the truncation scheme within the
FRG. Here, we can monitor the quantitative corrections
that are induced by the additional scale dependent quanti-
ties, namely the wave function renormalizations as well as
the Yukawa interaction and study their impact on the phase
diagram. Due to an alternative expansion scheme for the ef-
fective potential we gain direct access to the phenomenon
of precondensation, a regime in the phase diagram where
order occurs at intermediate scales but no order is found
when all fluctuations are integrated out. In this way, we
establish a refined picture of the FRG phase diagram for
QC,D, which is shown in Fig.1.
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Figure 1: The phase daigram of QC4,D. p is the baryon
chemical potential in this plot.

The condensates are determined by the minimum of
an order parameter potential, which is truncated to a one
dimensional Taylor expansion up to six-point interaction
terms. In addition, we have added a linear term in the chi-
ral condensate o, which causes chiral symmetry always to
be broken, this is rooted in the fact that quarks have a small
but finite current mass. At small temperatures and chemi-
cal potentials chiral symmetry is broken and quarks have a
constituent mass of about 300 MeV. With increasing tem-
perature the system undergoes a smooth crossover where
chiral symmetry is nearly restored. The line and the shaded
area in the left part of the figure mark the crossover and its
width. At higher p the system undergoes a second order
phase transition at the onset of the diquark condensate A.
At first the system is in BEC like state while at the limit
of high chemical potentials the system spproaches a BCS
like state. The line where the quark mass drops below the
chemical potential indicates the region of the BEC-BSC
crossover. The shaded area in the right part indicates the
precondensation phase.

For the future this result is to be compared to lattice sim-
ulations, in order to evaluate our methods and truncation
schemes.

References

[1] P. Braun-Munziger and J. Wambach, Rev. Mod. Phys. 81,
1031 (2009)

[2] L.von Smekal, Nucl. Phys. Proc. Suppl. 228, 179 (2012)

[3] N. Strodhoff, B.-J. Schaefer and L. von Smekal Phys. Rev.
D85. 074007 (2012)

263



THEORY-12

GSI SCIENTIFIC REPORT 2013

Higher order quark-mesonic scattering processes and the phase structure of
QCD*
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We study the chiral phase transition of two-flavor quan-
tum chromodynamics (QCD) at finite temperature 7" and
quark chemical potential p [1]. At not too large chem-
ical potential, the chiral dynamics in the vicinity of the
phase boundary are driven by the lightest hadronic states,
the pions and the sigma meson. Thus, in order to arrive
at a quantitative picture of the matter sector of QCD, these
mesonic degrees of freedom need to be taken into account
accurately. We therefore employ a linear quark-meson
model which captures spontaneous chiral symmetry break-
ing SU(N¢)r ® SU(Nt)r — SU(N¢)y. Quantum fluc-
tuations are included by means of the functional renormal-
ization group. The scale dependent effective action reads

[2]:

i 1
Ty = /{Z’Zw,kw(%xau o) + 5 26000 "
+Vi(p) — co + hy(p)p (V577 + ia)w} ’

where p = ¢2/2 = T + o2, We systematically study
the effect of higher order multi-meson as well as quark-
antiquark multi-meson scattering processes on the chiral
phase structure of QCD by expanding the effective poten-
tial Vi (p) and the field-dependent Yukawa coupling ;. (p)
in powers of p. This corresponds to an expansion of the ef-
fective action I';;, in terms of n-point functions. We observe
that these higher order operators play a quantitatively im-
portant role for the chiral phase transition. Furthermore, the
expansions of both, the effective potential and the Yukawa
coupling, converge rapidly. This implies that we have good
control over the quantitative precision of our results. For
the effect of different parts of the truncation (1) on the
phase boundary, see Fig. 1.

As a result of the explicit chiral symmetry breaking —co,
which is directly related to finite current quark masses, we
observe a crossover phase transition. The transition tem-
perature/chemical potential in this case is not uniquely de-
fined and we therefore compare different definitions of the
phase boundary. Fig. 2 shows the resulting phase diagram.
We find a crossover transition for ;, < 291 MeV. The large
deviations in the transition temperatures between differ-
ent definitions of the phase boundary indicate a very broad
crossover. We note that the same is true for the curvature
of the phase boundary at vanishing density. The crossover
transition gets steeper towards the critical endpoint which
we find at (T, pc) = (50,291) MeV.
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For the future this analysis can be used as a starting point
for studies aiming towards full QCD, including baryonic
degrees of freedom as well as the gauge sector of QCD.
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Figure 1: The crossover phase boundary for different trun-
cations. LPA denotes the quark-meson model with only a
running effective potential. The dot-dashed curve shows
the full result of (1).
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Figure 2. The phase diagram of the chiral transition of
QCD. The crossover transition was extracted from three
different quantities: the minimum of the effective poten-
tial (dashed), the quartic meson coupling (dotted) and the
chiral susceptibility (dot-dashed).
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I ntroduction

Spontaneous breaking of chiral symmetry isanonpertur-
bative phenomenon in the QCD vacuum as well as at low
temperature and densities. Hadronic theories of the low en-
ergy regime have to take thisinto account [1]. Chiral sym-
metry breaking appears in the hadron spectrum as a mass
splitting of so-called chiral partners.

A re-occurring topic in the literature is the possibility
that the order parameter for the chiral transition is a func-
tion of spatial coordinate [2]. A fruitful Ansatz to de-
scribe inhomogeneous condensation is the chiral-density
wave (CDW).

We re-investigate the question of inhomogeneous con-
densation at nonzero density in the extended Linear Sigma
Model (eL SM) where the baryons are introduced as parity
doublets [3, 4]. The eLSM successfully describes hadron
vacuum phenomenol ogy both in the meson and baryon sec-
tor, it is therefore a natural choice for non-zero density
studies including the CDW [5].

Non-zero density study

In the two-flavor case, Ny = 2, the scalar and pseu-
doscalar mesons are described by the matrix

o = (U-I—Z?]N)to + (C_io +Z7_1") 'F,
and the vector and axial-vector mesons by
VI =whty + g F, At = flit+al -1,

where t = 7/2, with the vector of Pauli matrices 7, and
to = 12/2. The model isinvariant under the chiral group
SU(2)rxSU(2)r. Thechira condensate = (o) = Z f
emerges upon spontaneous chiral symmetry breakingin the
mesonic sector, where f, ~ 92.4 MeV is the pion decay
constant and Z ~ 1.67 is the wave-function renormaliza-
tion constant of the pseudoscalar fields.

We now make the following Ansatz for the condensates,
which is of the form of a chiral-density wave:

(0) = dcos(2fx) , () = psin(2fx) D

In thelimit f — 0 we obtain the usual homogeneous con-
densation.

The baryons are introduced as two parity doublets ¥4
and ¥4, which transform according to the mirror assign-
ment:

Vi r—=UrVY1R,
Vor—Ur ¥R,

Ui —Ur V1L, 2

Vo —Ur%¥ay . (©)
*Work supported by HGS-HIRe and HIC4FAIR.
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The mirror assignment allows for an additional chiraly in-
variant mass term [6]:

mo (W1,LV2 5 — VU1 gV — Vo 1 Uy g+ W g1 L) .

4
¢, Xo [MeV]
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Figure 1: The condensates ¢ and  are shown as functions
of p.

In Fig. 1 the condensates ¢ and y are shown as func-
tions of p. For p = 923 MeV a first-order phase transi-
tion to the nuclear matter ground state takes place and at
@ = 973 MeV atransition to the CDW phase occurs. In
terms of density, the onset of inhomogeneous condensation
isat 2.4pg. Then, amixed phaseis realized between 2.4p¢
to 10.4po. However somewherein the mixed phase the de-
confinement phase transition should occur.

Outlook

Further studies of the model at zero and non-zero densi-
ties should be performed to test for general forms of inho-
mogeneous condensation. The eLSM should be extended
to Ny = 3 in the baryon sector.
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We investigate the modification of the pion self-
energy at finite temperature due to its interaction with
a low-density, isospin-symmetric nuclear medium em-
bedded in a constant magnetic background.

Nuclear matter in strong magnetic fields

The study of nuclear matter under strong magnetic fields
has acquired a lot of attention during the last years in the
contexts of heavy ion collision physics and lattice QCD
[1]. In Ref. [2] we investigate some properties of isospin-
symmetric nuclear matter in the limit of low density and
temperature, embedded in a strong magnetic background.
In particular, we compute the in-medium pion effective
mass in the presence of a constant magnetic field to one
loop. For this purpose, we consider fully relativistic chiral
perturbation theory as a framework for our computation.
This is needed to define consistently the fermion propaga-
tors in a magnetic background.

Pion self-energy in strong magnetic fields

The leading order interaction Lagrangian, which de-
scribe the low-energy phenomenology of nuclear matter,

55312/1 reads [3]

1 = 94 4 r
Efr}v =-v {EV V5T - O + 4—f727} T (mx Oym)| W.
()

Here 7 is the vector of Pauli matrices in isospin space, 7 is
the isotriplet of pions, f the pion decay constantand g 4 is
the axial-vector coupling.

Figure 1: Diagrams contributing to the lowest-order in-
medium pion self-energy.

The diagrams contributing to the pion self-energy from
the Lagrangian (1) are shown in Fig. 1.
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The effective pion mass is defined as:
m:? = m? —Rel(m:% q = 0;B) +(2n+1)|eB]|, (2)

s

where I1(q) is the pion self-energy, B is the magnetic field
and n is the index of the Landau level. The following re-
sults are computed within the lowest-Landau-level (LLL)
approximation, which is valid for very intense magnetic
fields.

Results

Fig. 2 displays our results for the pion effective mass,
M, as a function of the magnetic field, normalized to the
trivial |e B| shiftin Eq. (2).
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Figure 2: (Color online) Effective pion mass as a function
of the magnetic field.

We find that the effective mass of the negatively charged
pion drops by ~ 10% for a magnetic field |eB| ~ m?2,
which favors pion condensation at high density and low
temperatures.
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Hybrid (hydrodynamics+transport) models are well
suited to describe the dynamics of heavy ion collisions.
However, there are common technical issues within such
models that remain unsolved. In particular the established
procedure of transforming hydrodynamics to transport by
sampling particles according to the positive contributions
of the Cooper-Frye equation [1] results in violating con-
servation laws. Typically, the hope is that small negative
contributions will not influence the final results too much.
The goal of our study is to explore the applicability range of
this approach. We systematically investigate the behavior
of Cooper-Frye negative contributions, in particular their
dependence on hadron sort, collision energy (we consider
the energy range of /sy n = 2—20 GeV) and the criterion
for the transition.

The negative contributions are calculated in two differ-
ent ways: (1) hydro-based, assuming local thermal equi-
librium and (I1) particle-based, out of equilibrium. For
this purpose many UrQMD events are generated and ob-
tained particle trajectories are used to calculate the energy-
momentum tensor T'#¥ (¢, z, y, z) on a space grid. In each
grid cell the energy momentum tensor is transformed to the
Landau rest frame (LRF) and a surface of constant LRF
energy density is generated: T%% (¢, z,y, 2) = €y, where
€ 1S an arbitrary parameter varied in the range 0.3 - 0.6
GeV/fm3. Such surface mimics a typical transition surface
that is used in hybrid models. Temperature and chemical
potentials on the surface are obtained from a hadron gas
equation of state. The negative contributions on this sur-
face are calculated (I) from Cooper-Frye formula and (I1)
explicitly counting underlying particles.

The main results are as follows. The ratio of negative
to positive contributions x = [dN ~/dy|/[dN " /dy] de-
creases with particle mass. It also decreases with collision
energy as illustrated by Fig.1. In Fig. 1 one can also see
that the value of = at midrapidity is 12 % at £ = 10 AGeV
while at £ = 160 AGeV it is already around 3 % . It was
found that z slightly grows with ¢y and considerably in-
creases at forward and backward rapidity if smooth transi-
tion surface is perturbed. This may be important for event-
by-event calculations. Finally, = tends to be smaller for out
of equilibrium by particle” calculation than for Cooper-
Frye calculation.
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Figure 1: Negative contributions rapidity distribution for pions
in central Au+Au collisions. ey = 0.3 GeV/fm3. Crosses denote
Cooper-Frye calculation while circles are "by-particle” calcula-
tion. Collision energy is a): £ = 10 AGeV, b): E = 40 AGeV,
c): £ =160 AGeV
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We have studied the collision energy dependence of el-
liptic flow vo and triangular flow v in Au+Au collisions
within the energy range /syy = 5 — 200 GeV, utiliz-
ing a transport + hydrodynamics hybrid model [1,2]. The
transport part is described by the Ultrarelativistic Quan-
tum Molecular Dynamics (UrQMD), combined with an in-
termediate (3+1)-dimensional ideal hydrodynamical evo-
lution phase using a chiral model equation of state. This
approach provides a consistent framework for investigat-
ing both high-energy heavy ion collisions with negligible
net-baryon density and a large hydrodynamically evolving
medium, and the collisions at smaller energies with finite
net-baryon density, where the hydrodynamics phase is very
short-lived or does not exist at all.

The hybrid model reproduces the qualitative behavior of
the experimentally measured elliptic flow (see Fig. 1(a)).
While vy produced by hydrodynamics is considerably di-
minished at lower collision energies, this decrease is par-
tially compensated by the transport dynamics, as shown in
Fig. 1(b). The pre-hydrodynamicstransport phase is of par-
ticular importance for understanding the collision energy
evolution, while the hadronic rescatterings after the hydro-
dynamical phase contribute more systematically ~ 10% to
the total flow at all energies. However, the viscous matter
described by transport dynamics is unable to produce trian-
gular flow, which consequently shows a significantly larger
relative decrease in midcentral collisions with decreasing
Vv/snwn (Fig. 1(c)). Our conclusion is that the triangular
flow provides the clearer signal for the formation of low-
viscous fluid in heavy ion collisions.
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Figure 1: a): Integrated elliptic flow v2 {EP} for charged hadrons
with 0.2 < pr < 2.0 at midrapidity || < 1.0 in Au+Au -
collisions, for collision energies \/syn = 7.7 — 200 GeV and
three different impact parameter ranges, compared with the STAR
data [3,4]. b): Magnitude of v2{EP} in midcentral collisions
(b = 8.2 — 9.4 fm) at the beginning of hydrodynamical evolution
(diamonds), immediately after the end of hydrodynamics phase
(squares) and after the full simulation (circles). c): Integrated
v3{EP} in central collisions (b = 0 — 3.4 fm, open triangles) and
midcentral collisions (b = 6.7 — 8.2 fm, solid triangles).
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I ntroduction

The study of the properties of the Quark-Gluon Plasma
(QGP) — formed in heavy-ion collisons — requires to under-
stand how the initial quark and gluon distributions affect
the final observables through the expansion and hadroniza-
tion phases.

I nitial conditions

The issue of initial conditions in relativistic heavy-ion
collisions is a subject of intensive debate. Especially the as-
sumption of thermal equilibrium after ~1 fm/c is currently
not supported by microscopic transport approaches. In
our study we compare the Parton-Hadron-String Dynam-
ics (PHSD) with the novel transport approach RSP (Rela-
tivistic quantum molecular dynamics for Strongly interact-
ing matter with Phase transition or crossover) — based on
the Nambu-Jona-Lasinio (NJL) model [1] — employing the
same initial conditions from PHSD, which have a ’lumpy’
energy density profile (see Fig. 1).

- Au-Au @ 200AGeV

y [fm]

-0.4 -0.2 0.0 0.2 0.4 0.6
z [fm]

Figure 1: Initial energy density for cells in the local rest
frame in the y — z plane.

Comparison

Although we have the same initial energy density profile,
the transport properties of bulk partonic matter in RSP and
in PHSD are not the same [2]. The main difference between
both approaches is that RSP uses light quarks which con-
vert into hadrons using NJL cross sections, and that PHSD
uses heavy partons (quarks and gluons) which combine into

*Work supported by the HIC for FAIR framework of the LOEWE pro-

gram and the LOEWE-CSC for computational resources.
doi:10.15120/GR-2014-1-THEORY-17

heavy hadrons with broad spectral functions which then de-
cay into light hadrons.

The comparison of final hadronic observables (Fig. 2)
shows that the initial parton distribution must be out of
equilibrium in both approches (PHSD/RSP) in order to re-
produce the multiplicity spectra dN/dpr and dN/dn and
the elliptic flow vo for Au+Au at RHIC energies.
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Figure 2: Transverse momentum distribution dN/dpr of
final charged pions and kaons in RSP (full lines) and PHSD
(dashed lines).

Out of equilibrium

The conversion of fluid cells from one model to another
— both out of equilibrium — keeps the interesting properties
of the initial state: the anisotropy in momentum in pr/p.,
the chemical mixture of species, and the particle density
shift (for a given energy density in a cell, the equation of
state gives a particle density which is not the one we really
have in this cell in the out of equilibrium calculations).

Conclusion

This study shows the importance of non-equilibrium dy-
namics for the microscopic description of the quark-gluon-
plasma created in heavy-ion collisions.
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Within the aim of a dynamical study of on- and off-
shell heavy quarks @ in the quark gluon plasma (QGP) -
as produced in relativistic nucleus-nucleus collisions - we
study the heavy quark collisional scattering on partons of
the QGP and the underlying transport properties.

The collisional scattering cross sections o—gm are eval-
uated for perturbative partons (massless on-shell particles)
and for dynamical quasi-particles (massive off-shell parti-
cles as described by the dynamical quasi-particles model
“DQPM™) using the leading order Born diagrams [1]. Fig-
ure 1 shows the elastic cross section of charm quark on
a “u” quark as a function of /s, the energy in the c.m.s.
of the collision for different temperatures. Comparing the
DpQCD (Dressed pQCD) and IEHTL (Infrared Enhanced
HTL) models where the partons have the DQPM pole
masses in the first and are off-shell quasi-particles dressed
by DQPM spectral functions in the second, we demonstrate
that the finite width of the quasi-particles in the DQPM has
little influence on o except close to thresholds. The size

elas
of agas is dominated by the infrared regulator which in the
finite temperature medium is determined by a dynamical

gluon mass.

o"“(mbarn)

0.1 @ running, off—Shell

— 15T,
IEHTL — 20T,
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Figure 1: Elastic cross section of uc — wuc for off-shell
(solid lines) and on-shell partons (dashed lines) as a func-
tion of /s for different temperatures.

Based on agas in a finite temperature medium [1], the
on- and off-shell heavy quark dynamical collisional energy

loss and transport coefficients are computed [2,3]. As an
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Figure 2: c-quark drag coefficient A from non-perturbative
approaches DpQCD/IEHTL and the perturbative model
HTL-GA as a function of the c-quark momentum.

example, the charm drag coefficient is shown in figure 2
where both the on- and off-shell partons are employed. The
@ momentum dependence of the drag is small in the non-
perturbative models DpQCD/IEHTL compared to a pQCD
calculations (HTL-GA with « constant or running). Our
comprehensive comparison between perturbative and non-
perturbative QCD based models shows out significant dif-
ferences for the different @ transport characteristics. Nev-
ertheless, our conclusion is that an explicit transport cal-
culations in comparison to experimental data are needed to
pin down the appropriate scenario, since the microscopic
ingredients and the QGP background description are cou-
pled and are specific to each model. The @ scattering cross
sections and transport properties [1-3] will form the ba-
sis of a consistent study of the heavy quark dynamics in
heavy-ion collisions at SPS, RHIC and LHC energies by
implementing the partonic processes into the PHSD trans-
port approach.
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Jet quenching is one of the most promising phenom-
ena for investigating hot and dense matter created in ultra-
relativistic heavy-ion collisions at RHIC and LHC. Among
the observables for characterizing the energy loss of a high-
p: parton are the suppression of particle spectra defined
in terms of the nuclear modification factor R 44 [1] and
the momentum imbalance A ; [2] of reconstructed di-jets.
Both observables show a significant modification within
heavy-ion collisions in comparison with p+p collisions
[1,2].

Within this report we show our progress in understand-
ing jet quenching within the partonic transport model
BAMPS [3], which numerically solves the 3+1D relativis-
tic Boltzmann equation for quarks and gluons. While em-
ploying a running coupling a4 (t) evaluated at the mo-
mentum transfer of the respective, microscopic collision,
BAMPS uses screened leading-order pQCD cross sections
for the elastic 2 — 2 collisions and matrix elements cal-
culated in a recently developed, improved Gunion-Bertsch
approximation [4] for the inelastic 2 < 3 processes

My —yio]” = [Mxoy | 48may(k3) (1 - 7)?

k, aq — ki ?

J— + ,
KL (ar — k1) +mp, (as(k1))

in which problems of the original GB matrix element [5]
at non-zero rapidity of the emitted gluon are cured [4].
Since BAMPS s a classical transport model, the quantum
Landau-Pomeranchuk-Migdal (LPM) effect is effectively
implemented by a theta function 8 (A — X 1 pas 7¢) in the
radiative matrix elements, where X is the mean free path of
the radiating parton and 7 the gluon formation time.

After fixing the LPM parameter X 1 py; = 0.3 by com-
paring to RHIC data, Fig. 1 shows the nuclear modification
factor within BAMPS for gluons and quarks at LHC [6].
Additionally, the R4 4 of charged hadrons obtained via a
folding with AKK fragmentation functions is shown. The
same X, pys value for LHC simulations does not only de-
scribe the suppression of inclusive particle spectra, both at
RHIC and LHC, nicely but also explains the momentum
imbalance of reconstructed di-jets as shown in Fig. 2 [7].

Since BAMPS provides the full 3+1D microscopic infor-
mation of all particles also studies of bulk observables like
e.g. the elliptic flow v, are possible. Recently, these studies
have shown that the same microscopic pQCD interactions
as used in the jet quenching investigations lead to a sizable
elliptic flow within the bulk medium [6].

€]
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Figure 1: Nuclear modification factor R 4 4 of gluons, light
quarks, and charged hadrons at LHC for PYTHIA ini-
tial conditions, a running coupling and LPM parameter
X pym = 0.3 together with data of charged hadrons [1].
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Figure 2: Momentum imbalance A ; of reconstructed jets in
central Pb +Pb collisions at LHC for PYTHIA initial con-
ditions, a running coupling and LPM parameter X ; pys =
0.3 together with data [2].
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I ntroduction

Strage and heavy mesons probeinteresting aspects of the
strong interaction at extreme conditions, the different re-
gions of the phase diagram being explored by experiments
such as production reactionsin nuclei, heavy-ion collisions
(HICs) and the observation of macroscopic properties of
neutron stars. Particularly, understanding their dynamics
in the hadronic world is a crucial point to correctly analyse
experimental information from HICs and perform realistic
transport simulations. We study the properties of strange
and heavy-flavoured mesons in a hot and dense nuclear
medium within a selfconsistent coupled-channel approach
based on the chiral Lagrangian.

Strange mesonsin hot/dense matter

In the strangeness sector, we have completed a new de-
termination of the in-medium scattering amplitudes and
cross sections (such as KN — «¥) in addition to the
(off-shell) K and K spectral functions and quasi-particle
properties, both at finite nuclear densities and tempera-
tures, mimicking the expected scenario at FAIR experi-
ments (c.f. Fig. 1). Our next step in this project is to im-
plement our results in the IQMD and PHSD models, ex-
ploiting the successful collaboration between the transport
groups of Nantes and FIAS-Frankfurt.
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Figure 1: Left: K ~p elagticand K —p — Kn total cross
sections (red squares: model). Right: Transition probabil-
ity (P o |T'|?) for the K ~p elastic reaction at finite nuclear
density (up) and temperature (down).
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Heavy meson relaxation

In the heavy-flavour sector, our approach imposes
partial-wave unitarity on the relevant scattering amplitudes
(e.g. D7, Brr), an essential requirement in order to extend
the applicability of the low-energy theory (heavy-meson
ChPT) to high temperatures T ~ m,. With a minimal
set of parameters the unitarized theory dynamically gen-
erates the low lying heavy-light meson s-wave resonances
(Do,1, Bo,1) in good agreement with the available experi-
mental data both in the charm and bottom sectors. Since
aresonant interaction is bound to produce shorter thermal -
ization times, accounting for this feature is important to
produce a redlistic estimation of the transport coefficients
of heavy mesons in the hadronic phase of a heavy-ion col-
lision (cf. Fig. 2).
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Figure 2: D-meson spacial diffusion coefficient around the
crossover at g = 0.
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I ntroduction

In heavy ion collisions at RHIC and LHC, it is found
that the produced quark—gluon plasma (QGP) is strongly
coupled. We apply gauge/gravity duality [1] to study
heavy quarks in strongly coupled non-Abelian plasmas. To
approximate a dual description of QCD, we study non-
conformal gauge theories by explicitly breaking the confor-
mal invariance of the prototype AdS/CFT correspondence.
As there is freedom in the way this breaking can be intro-
duced, we study large classes of asymptotically AdS space-
times, and try to uncover possible universal behavior com-
mon to all dual theories. Furthermore, to learn about the
phase structure of strongly coupled gauge theories, and ul-
timately about parts of the QCD phase diagram, we include
a chemical potential into our studies. Experimentally, this
will be addressed e. g. in future FAIR experiments.

Specifically, we have computed the screening distance,
the free energy, and a derived running coupling of heavy
QQ pairs moving in the strongly coupled plasmas de-
scribed above. The methods used and results from studies
in conformal theories are reviewed e. g. in [2].

0.25

-2, _
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Figure 1: Running coupling acgg (L) in a non-conformal
plasma at temperature T for varying values of the chemi-
cal potential ;2. /X is a constant. At the endpoints of the
curves, screening of the QQ interaction due to the plasma
takes over.

Free Energy and Running Coupling

We compute the free energy (L) of a bound Q Q pair
with interquark distance L immersed in the medium. To get
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a handle on the effect of non-conformality on the interac-
tion in more detail, we study the running coupling defined
via the derivative of the free energy,

3 2 dF (L)

4 drL -

It is shown in Fig. 1. For small distances L, conformality is
restored with a5 becoming constant, while for larger dis-
tances, both non-conformality and thermal effects lead to
deviations of o from being constant. We have found a
universal increase in . above the UV value due to non-
conformality, both at vanishing and non-zero chemical po-
tential u. At still larger distances, thermal effects decrease
agq- This pattern is also seen in QCD lattice data [3].

We have investigated the dependence of characteristic
scales on temperature and chemical potential (i. a. the ther-
mal drop-off scale Lt and the scale Lmax where o, as-
sumes its maximum). At vanishing chemical potential, we
have found that to leading order in our models with strong
deformation away from conformality, L max ~ ==, Where
c is the deformation parameter. This appears to be only
weakly altered for ;> 0. Generally, we have found that
the effect of the chemical potential is relatively weak: also
Ly, varies more strongly under changes in 7" than in .

Comparing the free energy for non-zero p to lattice data
[4] where these are available, i.e. for u/T < 1, we find
qualitative differences in the effect of the chemical po-
tential that require further analysis. For our further stud-
ies, a very interesting outlook is to refine the compari-
son to lattice data to better characterize the commonalities
and differences of holographic models for strongly coupled
plasma and the QGP and to learn more about the nature of
chemical potentials in holography.

Parts of these results were presented in [5], a more de-
tailed account will be published elsewhere.

aQQ (L) =
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As penetrating probes direct photons and dileptons pro-
vide insight into the hot and dense interior of matter created
in heavy-ion collisions during its entire evolution. They
are directly related with the electromagnetic-current corre-
lation function in the strongly interacting medium. In this
connection the most interesting signals are the p; spectra
of photons and dileptons and the invariant-mass spectra of
dileptons from a thermalized medium to study the impact
of the chiral phase transition in the QCD phase diagram to
this current-correlation function.

However, to analyze experimental data on electromag-
netic probes in heavy-ion collisions also a detailed under-
standing of all other “non-thermal” sources is important.
In this study we investigate the contribution to the photon
emission from the very early off-equilibrium state of the
fireball created in heavy-ion collisions which are claimed
to outshine the thermal emission from a QGP at high p;
in since here already contributions at order O (e, ) of the
electromagnetic coupling constant, which are forbidden in
thermal equilibrium due to energy-momentum conserva-
tion, occur[l, 2, 3]. However, in this approach the pho-
ton rates are plagued by spurious vacuum-to-vacuum tran-
sition contributions which can not be renormalized in a
proper way [4]. As shown in [5] this problem is related
to “switching on and off” the electromagnetic interaction
at finite times.

Motivated by these findings we investigate a toy model
with quarks and antiquarks coupled to a classical time-
dependent scalar field to mimick a time-dependent quark
mass to investigate the pertinent emission of photons due
to a possible chiral quark-mass shift in strongly interacting
matter [6]. The advantage of this model is that it is com-
patible with current conservation and gauge invariance.

After analytically solving the Dirac equation for the
quark-field operator coupled to a classical time-dependent
scalar, we calculated the one-loop photon polarization ten-
sor in 15t order perturbation theory, employing the appro-
priate adiabatic switching of the electromagnetic interac-
tion a la Gell-Mann and Low. We could explicitly show that
this framework eliminates the spurious vacuum-to-vacuum
transition contributions and allows to write the correspond-
ing photon-emission rate as an absolute square, ensuring
the positive definiteness of the photon-number density. For
the realistic case of a smooth time dependence of the ex-
ternal field, mimicking a dropping quark-mass scenario by
effectively switching the quark mass from its constituent
value of m. ~ 0.35 GeV to its bare value my, for a du-

*Work supported by HICAFAIR/HGS-HIRe/HQM.
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ration of the off-equilibrium phase of 7 = 1 fm/c, the
resulting time-integrated photon-momentum spectrum de-
cays exponentially for large momenta and thus is UV in-
tegrable, leading to a finite photon yield from the underly-
ing off-equilibrium process. Is has also been demonstrated
that, e.g., using the adiabatic switch only for ¢t — —oo but
not for ¢ — oo leads to an artificial enhancement of the
photon-production rate by many orders of magnitudes due
to spurious vacuum-to-vacuum transition contributions that
cannot be properly interpreted as observable photon num-
bers.
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Figure 1: Comparison of the integrated off-equilibrium
photon number for different mass-switching scenarios (in-
stantaneous switch (solid line) and switching by a only
1st-order differentiable function (long-dashed line), lead-
ing implying the excitation of spurious modes and a UV
divergent photon number, and a smooth switching function
(short-dashed line) leading to a exponentially decreasing
momentum spectrum and thus UV-finite photon-number
densities with a photon spectrum from a thermalized QGP
(lifetime 4 fm/c) at a temperature of 200 MeV.
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We report on a comprehensive anaysis of the avail-
able three flavour QCD lattice simulations of six differ-
ent groups on the baryon octet and decuplet masses [1].
We obtained an accurate 12 parameter description of alto-
gether more than 220 lattice data points, where we kept all
data with pion masses smaller than 600 MeV. Our study
extends previous works [4, 5, 6] and is based on the rel-
ativistic three-flavour chiral Lagrangian with baryon octet
and decuplet degrees of freedom. The baryon self energies
were computed in a finite box at N3LO, where the phys-
ical masses are kept inside al loop integrals [1, 2]. The
low-energy parameterswere constrained by using large-NV .
sum rules[3].

Accurate predictions for al relevant low-energy param-
eters were obtained. In particular we extracted a pion-
nucleon sigma term of (39 + 1) MeV and a strangeness
sigma term of the nucleon of osn ~ (4 £ 1) MeV. The
flavour SU(3) chiral limit of the baryon octet and decuplet
masses was determined with (802+4) MeV and (1103 +6)
MeV. In our fitswe used the empirical masses of the baryon
octet and decuplet states as a constraint. That allowed us
to perform independent scale settings for the various lat-
tice data. We obtained results for the lattice scales that are
compatible with previous estimates, but appear to be much
more accurate. Detailed predictions for the baryon masses
as currently evaluated by the ETM lattice QCD group are
made.
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Figure 1: Baryon masses as a function of the pion mass as
explained in the text. The open symbols are the result of
our EFT analysis.
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Figure 2: Baryon masses as a function of the pion mass as
explained in the text. The open symbols are the result of
our EFT analysis.

The 12 relevant low-energy parameter were determined
by a global fit to al available lattice data with a x2 /N ~
1.25, which was shown to be dominated by a few outliers.
It was emphasized that a stable fit with al parameters rel-
evant at N3LO is only possible upon the consideration of
the lattice data at all available lattice volumes. In Fig. 1
we show a sample of our results where a comparison with
QCD lattice simulations of the QCDSF-UKQCD group is
provided. The description of the octet masses is excellent
for al three different lattice sizes 163, 242 and 323. In Fig.
2 the volume dependence of the baryon octet masses as
studied by the NPLQCD group is scrutinized. Here our
chi-square value is dominated by one outlier, the 3> mass
on the smallest 162 lattice.

Our analysis points to some tension in the lattice data
set on the baryon decuplet masses, in particular for the A
mass of LHPC as compared to the predictions of HSC and
PACS-CS.
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We study basic properties of scalar hadronic reso-
nances within the so-called extended Linear Sigma Model
(eLSM), which is an effective model of QCD based on chi-
ral symmetry and dilatation invariance. In particular, we
focus on the mass and decay width of the scalar-isovector
state ao(1450) and perform a numerical study of the prop-
agator pole(s) on the unphysical Riemann sheets.

It is nowadays recognized that the scalar sector of
hadronic particles is not well described by the ordinary ¢q
picture based on a simple representation of SU (3) flavour
symmetry. One very simple reason is the mere fact that
the number of physical resonances is much larger than the
number of states that can be constructed within a ¢q picture.
For instance, in the scalar-isovector sector it is possible to
build up only one such state, though two isotriplets are def-
initely established, the resonances a((980) and aq(1450)
[1].

The extended Linear Sigma Model includes
(pseudo)scalar as well as (axial-)vector states [2,3].
In this model, the scalar-isovector state is identified
with the resonance ao(1450). In this report, we use the
parameters of Ref. [3] in order to calculate the propagator
of ap(1450): in this way we can test the effect of loops on
this broad scalar state. Then, we focus on the region below
the KK threshold and try to find out whether a((980)
emerges as a companion pole in the propagator.

For our purpose it is sufficient to give only the relevant
interaction part of the Lagrangian for the neutral state a :

Lint = Aadnm®+Baln'n°+Cad(K°K°—~K~K*) , (1)

where 70,7, 7', K are the pseudoscalar mesons, and the
constants A, B, C' are combinations of the coupling con-
stants and masses taken from Ref. [3]. They are con-
structed in such a way that the decay amplitude for each
channel, —iM,;, is momentum independent. The optical
theorem for Feynman diagrams can then be applied to com-
pute the imaginary part of the corresponding self-energy
loop II;; (s), regularized by a Gaussian 3d-cutoff function
with cutoff scale A = 0.85 GeV:

/dI‘ -iM;* = Vs Tie(s) = —ImIIi(s) ,  (2)

where T/ is the tree-level width coming from the model
and k is the three-momentum of one of the emitted particles
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in the decay of the a in its rest frame. The real part is
obtained by the dispersion relation

-2 fay Infult), ®)

Re Hw

s—s'
After that, the self-energy is analytically continued to com-
plex values, s — z, while the continuation into the appro-
priate unphysical Riemann sheet(s) can be done by adding

the discontinuities for each channel,
Hfj (Z) = Hl‘j (Z) + Disc Hl‘j (Z) s (4)

where Disc I1;;(s) = 2ilim._,o+ ImII;;(s + ée) and the
superscript ¢ indicates the continued function on the next
sheet. Note that the appropriate sheet is taken to be the one
closest to the physical region.

The complex propagator pole on the sheet nearest to the
physical region has coordinates /s = (1.412 — 40.141)
GeV, hence a decay width of I" = 282 MeV (in good agree-
ment with both the tree-level result from our model and the
experiment) and a mass of 1.412 GeV. While the (bare)
mass My = 1.363 GeV coming from the eLSM differs
from the experimental value by at least ~ 50 MeV, the pole
mass (as the real part of the propagator pole) lies within the
experimental error. Thus, the inclusion of loops represents
an improvement of the tree-level results. However, all in
all, the loop contributions have just a minor influence on
the tree-level values: this is important because it confirms
that the fit of Ref. [3] is robust. One should perform this
check for all other broad states entering in the eLSM.

Another interesting observation is the fact that we do not
find a companion pole of a((1450): the resonance a((980)
does not emerge for the values of the parameters deter-
mined in Ref. [3]. This result is robust upon variations
of the parameters. As a possible outlook for future work
one should try to include the a((980) as a tetraquark state
into the eLSM and/or perform a full scattering analysis so
as to investigate the emergence of this resonance in more
detail.
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Hypernuclear physics opens a unique opportunity to ex-
plore the hyperon-nucleon (Y V) and the hyperon-hyperon
(YY) in-medium interactions at terrestrial laboratories.
Such studies are important for a better understanding of
the in-medium interactions with strangeness degree of free-
dom, which is still uncertain, but of relevance for nuclear
astrophysics [1]. The experimental knowledge on multi-
strangeness hypernuclei has been so far scarce. However,
recent experiments at GSI are very promising. In the Hy-
pHI [2] experiment precise production rates of single-A
(S = —1) hypernuclei were measured. An abundant pro-
duction of double-A (S = —2) clusters is also expected in
the PANDAexperiment [3] at FAIR.

We investigate theoretically the multi-strangeness dy-
namics within the Giessen-BUU (GiBUU) approach [4]. In
particular, we have studied antiproton-induced reactions al-
lowing for reactions of the secondary =-beam on a second
target. The formation of double-A hypernuclei occurs in
the Z-interaction with the second target [5]. Two issues
are of importance for the production of double-strangeness
hypermatter, see Fig. 1. At first, the absorption of the =-
beam inside the target matter decreases with increasing en-
ergy. This is due to the strong decrease of the elemen-
tary =N — AA channel [5]. Secondly, the abundance of
bound A-hyperons also strongly decreases with rising inci-
dent =-energy. This is mainly due to the repulsive vector
field which becomes more pronounced as the particle en-
ergy increases. These effects lead to a rather strong energy
dependent rise of the double-A hypernuclear production
cross section. Thus low-energetic cascade beams should
be used at PANDAIn order to obtain high production rates
of double-strangeness hyperfragments [5].

So far bare interactions for elementary Y N,YY-
channels have been used in transport approaches. However,
at PANDAthe strangeness dynamics takes place at densi-
ties closely up to saturation. We have studied in-medium
effects on various Y V-processes by solving the Lippmann-
Schwinger equation with a Pauli-exclusion operator for
intermediate states as the leading-order in-medium ef-
fect [6, 7]. The elementary YN cross sections are indeed
influenced by in-medium effects, in particular, at low en-
ergies, as shown in Fig. 2 (similar effects occur for quasi-
elastic channels with strangeness exchange).

In the S=-2 sector the situation is still very controversial
theoretically [8]. Presently we are investigating the influ-
ence of various calculations on S=-2-channels [9] on the
strangeness production in p-induced reactions and extend-
ing our studies to the S=-3 sector by accounting for the
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Figure 1: GiBUU results for the time dependence of all
and free As and of =s for central Z-induced reactions on
Cu-target at beam energies as indicated [5].

formation of 2-baryons [10]. The preliminary results are
very promising concerning a possible formation of multi-
strangeness bound systems at PANDA. We emphasize the
relevance of our theoretical results for the future activities
at FAIR.
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Figure 2: . Energy dependence of elastic in-medium cross
sections for AN and 3N scattering at various densities as
indicated [7].
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Charmonium formation reactions on a proton at rest,
pp — R (R = J/U, ¥ x. etc.), proceed at the beam
momentum py.;, = 4 — 6 GeV/c. Replacing the proton by
a nuclear target one gets a good possibility to explore the
interactions of the charmonium with nucleons[1, 2]. The
preference of the antiproton- to other hadron- and photon-
induced charmonium production reactions on nuclel isin
the slowness of the produced charmonium. Thus, itsforma-
tion length is small [2]. On the other hand, nuclear Fermi
motion reducesthe cross section strongly, ;4 . r(a—1)+ ~
(107*—=103)Z 0y, r a theon-shell peak [2], and broad-
ens the beam momentum region by ~ +p.ppr/m, where
pr =~ 0.3 GeV/c is the Fermi momentum and m = 0.938
GeV isthe nucleon mass.

The eikonal approximation is well suited to study the
pA — R(A—1)* reactions by two reasons: (i) close to the
on-shell peak the pp — R formation cross section is large
and dominates over other charmonium production chan-
nels, and (ii) typical transverse momentum transfersin the
formation reaction (~ pr) and in the charmonium rescat-
tering processes (~ 1/v/Brn =~ 0.6 GeV/c) are much
smaller than py.,. Within the Glauber model the charmo-
nium production cross section on a nucleus can be calcu-
lated as

o0 z .
5 1 — [ dZp(z b)op
OpA—R(A—1)* :/d by, / dze —=
— 00

— T dz'p(z' ,b)orn (2'—2)
xT's_r(z,b)e * ! " ,

where

r b= [ 240 b 2
p—R(2,0) = / W”ﬁp%papr(Z, p) @
is the in-medium antiproton width with respect to char-
monium R production. vy, = (s(s — 4m%))Y/?/2E;E,
is the antiproton-proton relative velocity. vz = pian/Ep
is the antiproton velocity in the target nucleus rest frame.
fp(z,b,p) =~ O(pr, — p) is the proton phase space den-
sity with pr, = (37%p,(2,b))*/? being the local proton
Fermi momentum. Exponential factorsin (1) take into ac-
count the absorption of incoming antiproton by itsinelastic
collisions (annihilations mostly) and the absorption of the
outgoing charmonium due to its dissociation on the target
nucleon (J/¥N — A.D). The corresponding cross sec-
tionsare Ug}\?l and oy (2’ — z). Inthelatter case we have

*Work supported by HIC for FAIR.
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D

checked that taking into account the formation length ac-
cording to the color diffusion model [2] (I ;)¢ ~ 0.4 fmat
plab = 4 GeV/c) has practically no effect on the numeri-
cal results. In Fig. 1, the curves have been calculated with

3000 : ,
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1500

o(e”e) (pb)

1000

500

0 .
3 4 5 6
Pab (GeVvic)

Figure 1: Beam momentum dependenceof J/ ¥ production
cross section on 208pPh, Vertical arrow: pia, = 4.07 GeV/c
for on-shell J/¥ production on proton target.

the three values of the J/¥ N dissociation cross section:
oywn = 0, 3.5 and 6 mb. The last two values repre-
sent the major uncertainty known from different analyses
of J/W¥ production in photon-, hadron- and nucleus- in-
duced reactions on nuclei. The J/ ¥ production cross sec-
tions are sensitive to the selected values of o ;4 on the
level of ~ 20%. For lighter nuclei the sensitivity to o 7 /¢ v
is reduced. Hence, the transparency ratio analysis can be
done for different nuclei to determinethe J/ ¥ N dissocia-
tion cross section (see[3] for details). Thisanalysis can be
performed in the future PANDA experiment.
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