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PANDA at FAIR will address the physics of strangeness in nuclei by several novel and unique
measurements. These studies are only made possible by the one-of-a-kind combination of the
stored antiproton beam at FAIR and the modular PANDA detector which will be complemented
by a germanium detector array. The latter was made available by a cooperation with the NUSTAR
collaboration.
• PANDA also offers the unique possibility to search for X-rays from very heavy hyperatoms
such as e.g. Ξ− -208 Pb. This will complement experiments at J-PARC which attempt to
measure X-rays in light and (possibly) medium-heavy nuclei by the J-PARC E03 and E07
experiments. The measurement at PANDA will allow to constrain the real and imaginary
potential of Ξ− hyperons in the neutron skin of the lead nucleus.
• PANDA will extend the studies on double hypernuclei by performing for the first time high
resolution γ-spectroscopy of these nuclei. Thus, PANDA complements measurements of
ground state masses of double hypernuclei in emulsions at J-PARC conducted by the E07
Collaboration [1, 2] or the production of excited resonant states in heavy ion reactions
which may, for example, be explored in future by the CBM Collaboration. Together, these
measurements will provide a as yet unrivaled information on the structure of double ΛΛ
hypernuclei.
• Furthermore, the exclusive production of hyperon-antihyperon pairs close to their production
threshold in p - nucleus collisions offers a unique and hitherto unexplored opportunity to
elucidate the behaviour of antihyperons in cold nuclei which is intimately related to the
short-range part of the baryonic interaction.
In all these studies, the production of low momentum Λ within nuclei or slow Ξ− hyperons which
can eventually be stopped in a secondary target material play an essential role.
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PANDA - a unique antihyperon - hyperon factory

A negatively charged, strongly interacting particle which has been stopped in a target may be
captured into an outer atomic orbit thus forming an exotic atom. This atom will emit Auger
electrons and characteristic X-rays whilst cascading down. The time to cascade down has been
measured for Σ− hyperons in emulsions and was found to be <10−12 s [3]. This is more than a
factor of 100 smaller than the typical hyperon lifetime. If this strongly interacting, negative particle
reaches an orbit which has a significant overlap with the nucleus, the intensity of the X-ray transition
will be reduced by the strong nuclear capture and the energy levels are shifted and broadened with
respect to the electromagnetic situation. The broadening usually terminates the atomic cascade
and the hyperon may be captured by the strong interaction in the nucleus. As a consequence, the
strong interaction shift and broadening is in most cases significant and directly measurable only for
this last level. Higher transitions are much less effected by the strong interaction.
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Figure 1: The capture of stopped Ξ− hyperon into an atomic orbit is the starting point for the formation
of a Ξ− atom which itself may convert into an excited ΛΛ hypernucleus system. Possible fragmentation
channels after the capture and conversion of a stopped Ξ− hyperon are indicated in the bottom part.

In a second step, Ξ− -hyperatoms can serve as a doorway to the production of ΛΛ-hypernuclei.
Indeed, the simultaneous production and implantation of two individual Λ’s in a nucleus in two
distinct processes is not feasible. However, ΛΛ-hypernuclei can be produced in a ‘controlled’ way by
the conversion of a Ξ− hyperon within the nucleus into two Λ hyperons via the reaction Ξ− p → ΛΛ.
It is one of the lucky coincidences in physics that the conversion of a Ξ− and a proton into two
Λ’s releases – ignoring binding energy effects – only 28 MeV of excitation energy. Because of this
low value there is a significant chance of typically a few percent that both created Λ hyperons stick
to the same nucleus [4, 5, 6]. Of course, also events with two single hypernuclei or free Λ’s are
produced in this deexcitation state (Fig. 1). Eventually, the resulting hyperfragments may be in
particle stable, excited states which de-excite via γ emission.
Unfortunately, Ξ− hyperons produced in reactions with hadron beams typically have rather high
momenta and the direct trapping of the Ξ− in the same nucleus where it has been produced is
rather unlikely. Therefore, the capture of Ξ− hyperons usually proceeds in two (or even three)
steps. Using energetic hadronic beams, a Ξ− (together with its associated antistrange particles) is
produced in a primary target. In a second step this Ξ− is slowed down in a dense, solid material
(e.g. a nuclear emulsion) and forms a Ξ− atom [8]. As a consequence, the principle design of
any double hypernucleus experiment with Ξ− conversion is determined by the interplay between
the finite Ξ− mean lifetime of τΞ− =1.64·10−10 s and the time it takes to stop a hyperon inside the
detection system.
As representative examples for the ΛΛ-hypernucleus and Ξ− -hyperatom production process in
PANDA, Fig. 2 shows the probability for stopping, decay and hadronic interactions of Ξ− hyperons
in boron and lead absorbers. The dashed lines show the case when the Ξ− hyperons are produced
inside the absorber whereas the solid lines assume a point of creation 10 mm apart from the absorber.
The first situation is relevant for e.g. Ξ− production in (K − ,K + ) double strangeness exchange

1

1

10

40

Range [mm]
200

100

Boron absorber

0.1
Probability

Probability

0.1

1

1

4

10

20

distance = 10 mm
decay in flight
stopped
reaction

Lead absorber

0.8

0.8

Range [mm]
80

40

distance = 10 mm
decay in flight
stopped

0.6

0.6
distance = 0 mm
decay in flight
stopped
reaction

reaction
distance = 0 mm
decay in flight

0.4

0.4

stopped

0.2

0.2

reaction

0
0

0.2

0.4

0.6

0.8

1
p - [GeV/c]

0
0

0.2

0.4

0.6

0.8

1
p - [GeV/c]
Ξ

Ξ

Figure 2: Probability for stopping (green lines), decay (red lines) and nuclear reaction (blue lines) for Ξ−
hyperons produced inside boron (left) and lead (right). The PANDA experiment will employ B and Pb as
secondary target materials for the ΛΛ-hypernucleus and Ξ− -hyperatom studies, respectively. In case of the
dashed lines the Ξ− hyperons were generated inside the absorber, the solid lines show the same quantities
if the Ξ− hyperon is produced 10 mm apart from point of entrance into the absorber. The latter geometry
describes the situation at PANDA (from Ref. [7]).

reactions, while the latter case describes a more realistic configuration for the PANDA experiment.
Obviously only Ξ− hyperons with momenta less than about 800 MeV/c have a significant chance
for being stopped (green solid line). The required thickness of the moderator material is typically
in the range of 10 mm (see upper scales in Fig. 2). The difference between the dashed and solid
green lines reflects the decay in flight of very slow Ξ− hyperons and underlines the need to position
the absorbing secondary target material as close as possible to the Ξ− production point.
Using the (K − ,K + ) double strangeness exchange reaction, Ξ− are produced with typical momenta of a 500 MeV/c [10]. In only a few percent of the reactions the Ξ− hyperon is produced and
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Figure 3: Total cross sections for reactions pp → YY in the momentum range of the HESR. The upper
limits in red refer to the Ξ+ Ξ− -channel. The arrows pointing to the momentum axis indicate the threshold
momenta for the different hyperon families (from Ref. [9]).
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Figure 4: Production scheme of Ξ− -hyperatoms and ΛΛ-hypernuclei at PANDA.

captured in the same target nucleus. In most cases ∼80% , the Ξ− escape from the initial target
nucleus. Those Ξ− hyperons need to be stopped in a second step. The main advantage of the
(K − ,K + ) reaction is the fact that the outgoing K + can be used as a tag for this reaction. The
main drawback, however, is the low kaon beam intensity because of its low lifetime and hence the
need for thick secondary targets which is identical with or very close to the primary target (compare
the green dashed and solid lines in Fig. 2).
At this point it is interesting to note that the Ξ was discovered in antiproton-proton interactions
at 3 GeV/c [11]. Because of the additional energy released by the annihilation process, relative
low laboratory momentum Ξ− are produced in the p + p → ΞΞ reaction. The main advantage of
antiprotons compared to the kaon induced production is the fact that the antiproton is stable and
can thus be retained in a storage ring. Combined with the large cross sections for the production
of associated hyperon-antihyperon pairs (see Fig. 3), this enables rather high luminosities even
with very thin primary targets. Reactions close to the ΞΞ threshold also minimize the production of
associated particles as well as the number of secondary particles produced in other nuclear reactions.
Even lower momentum Ξ− hyperons can be produced via the pp → Ξ− Ξ+ or pn → Ξ− Ξ0
reactions within a complex nucleus where the produced Ξ− can re-scatter and thus decrease its
momentum [12] (see Fig. 4). After stopping in a secondary target, a bound Ξ− system may be
formed, allowing the study of both, Ξ− hyperatoms and ΛΛ hypernuclei. Also the Ξ can here
be used as a tag of this reaction if it is not absorbed in the primary target nucleus. Unlike in the
(K − ,K + ) reaction, the primary and secondary targets can be separated by a few mm, thus allowing
a wide range of materials for the secondary target.

2

Ξ− Hyperatoms at PANDA

Also Ξ− or Ξ0 hyperons may play a crucial role in the interior of neutron stars. Unfortunately, the
behaviour of Ξ− hyperons in nuclear matter is experimentally not well constrained. However, we
have several tools at hand to approach this problem. Experimentally, the interaction of Ξ− hyperons

in nuclei can be studied by Ξ− -hypernuclei, Ξ− -atoms, Ξ− -proton scattering or Ξ− -proton final state
+
interaction in e.g. energetic heavy ion reactions and by Ξ− Ξ production in p+nucleus collisions
(see Fig. 5). However, the present experimental knowledge on Ξ− hyperons in nuclear systems is
rather disillusioning. At PANDAwe will perform unique studies of heavy Ξ− atoms, thus probing
the Ξ− interaction in a neutron-rich nuclear surrounding.
All negative particles that live long enough to be captured by an atomic nucleus may form an
exotic atom. Compared to electrons, the higher mass of these charged particles (µ− , π − , K− ,
p, Σ− , Ξ− , Ω− ) causes a shrinkage of the radial spatial probability distribution which is inversely
proportional to the reduced mass of the exotic system and the charge of the core nucleus. Because
the wave functions of the bound particle overlaps with the finite size nucleus, nuclear effects come
into play. In case of hadrons, the strong interaction modifies the energy of such atomic levels as
well as their lifetime.
At J-PARC, light and medium heavy Ξ− -hypernuclei and Ξ− -hyperatoms will be studied in the
coming years. Because of the spatial separation between the primary and secondary targets, the
PANDA experiment offers the unique possibility to study very heavy Ξ− atoms like Ξ− -208 Pb and
thus the interaction of Ξ− hyperons with the neutron skin. The left part of Fig. 6 shows a pictorial
sketch of the relevant level scheme of the Ξ− -208 Pb atom. The (n=10,l=9) level is the lowest level
not yet fully absorbed by the strong interaction. Thus, the (n=10,l=9)→(9,8) transition is the last
transition which can be observed with a reasonable γ branching ratio.
The right part of Fig. 6 summarizes in a more quantitative way some relevant properties of the
208 Pb nucleus and of the (n=9,l=8) atomic Ξ− level which is the closest to the nuclear surface.
These calculations were performed with a program provided by Eli Friedman [8, 13]. The neutron
and proton distributions are described by a two-parameter Fermi distribution
ρ0p,0n
ρp,n (r) =
(1)
1 + exp((r − Rp,n )/ap,n )
For protons and neutrons the same diffuseness parameter an =ap =0.475 fm was adopted. The
proton radius parameter of Rp =6.654 fm was constrained by reproducing the experimental rms
charge radius of 208 Pb. The quantity most frequently used to define the relative radial extent of the
neutrons with respect to the protons is the difference in rms radii. The lower part of the right panel
in Fig. 6 shows the density distributions for protons and neutrons for 208 Pb as a function of the radial
distance from the center of the nucleus. For protons we extract from this distribution a density
rms radius of rp =5.4481 fm, close to the experimental rms radius of 5.5012 fm (see Ref. [14] for an
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Figure 5: Possible processes to study the interaction of hyperons – here exemplarily illustrated for Ξ−
hyperons – in nuclear interactions.

updated list of experimental nuclear ground state charge radii). For neutrons a radius parameter of
6.966 fm was used as input, leading to a rms radius of rn =5.677 fm. As expected, the difference of
rn -rp = 0.229 fm agrees well with measured values of the neutron skin thickness of 208 Pb.
The blue curve in the top part of the right panel of Fig. 6 shows the squared wave function of
Ξ− hyperons in the n=9 and l=8 state. The wave function peaks at 20.3 fm which coincides with
the value of 20.326 fm expected from the Bohr radius a0 = ~2 /e2 µ and the well known relation
hri = a0 [3n2 − l(l + 1)]/2Z.

(2)

For the next higher n=10, l=9 state, which is relevant for determining the width via the relative
intensities of subsequent transitions, the maximum lies at 25 fm. In such nuclei the orbiting hadron
is closer to the nucleus than are the innermost electrons. The system is therefore hydrogenic, with
the electron cloud contributing an almost negligible screening effect, and the fundamental equations
of the hydrogen atom are applicable.
The nuclear densities are an essential ingredient of the optical potential. As expected, the real
part of the Ξ− potential shown in the center panel follows the nuclear density. The red curve in the
upper panel shows the ’strong interaction strength’ proportional to r2 ReU (r)|Ψ|2 which is relevant
for the shift of the energy level. The average Ξ− radius weighted by this factor gives hR∆E i =
7.16 fm and a weighted neutron-proton density ratio of hρn /ρp i = 2.03. As expected, the n=10,l=9
state samples larger radii with hR∆E i = 7.73 fm and even more neutron rich matter with hρn /ρp i

Figure 6: Left: If a strongly interacting, negative particle reaches an orbit which has a significant overlap
with the nucleus, the intensity of the X-ray transition will be reduced by the strong nuclear capture and
the energy levels are shifted and broadened with respect to the electromagnetic situation marked by the
dashed line. The broadening usually terminates the atomic cascade. Right: The lower part shows the density
distribution for protons and neutrons for 208 Pb. The green line is the neutron-to-proton density ratio. The
real part of the nuclear potential for Ξ− hyperons is shown in the center panel. In the top panel the squared
wave function of a Ξ− hyperon in the n=9 and l=8 state and their absorption probability in the nuclear
periphery (arbitrary units) are displayed. The calculations were performed with a program provided by Eli
Friedman [8, 13] (from Ref. [15]).
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Figure 7: Mapping of the real and imaginary parts of the Ξ− -208 Pb potential on the energy shift of the
(n=10,l=9)→(9,8) transition and the relative yield Yγ2 of the (n=10,l=9)→(9,8) transition with respect to
(11,10)→(10,9). The calculations were performed with a program provided by Eli Friedman [8, 13] (from
Ref. [15])

= 2.23. Apparently, heavy Ξ− -hyperatoms probe the nuclear periphery which is strongly influenced
by the Ξ− -neutron interaction. Complemented by the study of light Ξ− -hyperatoms at J-PARC,
PANDA will thus explore the isospin dependence of the Ξ− -nucleus interaction.
While the measurement of the energy shift of a transition is in principle straight forward, the
direct determination of the broadening of a state caused by the strong interaction – typically in
the range of 1 keV – is in many cases hampered by the limited energy resolution of the used Xray detectors. Fortunately, in some cases the measurement of relative X-ray yields of transitions
preceding the last transition provides an indirect measurement of the width of the upper level (in
Pb the (n=10,l=9) level) [16]. Shifts and widths (or relative yields) of the atomic levels caused by
the strong interaction may then be expressed e.g. in terms of the real and imaginary parts of an
optical potential as illustrated in Fig. 7 for the Ξ− -208 Pb system.

3

ΛΛ Hypernuclei

Because of the two-step production process for, we can not perform spectroscopic studies of ΛΛ
systems via the analysis of two-body reactions as in single hypernuclei. Spectroscopic information
on double hypernuclei can only be obtained via their decays. We can distinguish three different
steps of the decay process (Fig. 8):
• Particle unstable resonances in the continuum may be studied in line with conventional twoparticle correlation measurements (e.g. ref. [18]) in energetic heavy ion reactions. The large
yield of hypernuclei expected to be produced by the CBM experiment at FAIR will allow to
observe correlations between Λ-hypernuclei and Λ hyperons or even between two light single
hypernuclei.
• Double hypernuclei also offer a rich spectrum of particle-stable excited states [19]. The
A
excitation spectrum of a double Λ hypernucleus ΛΛ
Z is strongly related to the spectrum of
A–2
the conventional core nucleus
Z. Of course, the presence of the two Λ hyperons will cause
structural changes of the core nucleus which will be reflected in the excitation spectrum (see

e.g. Ref. [20]). The PANDA experiment aims to explore this part of the excitation spectrum
for the first time. High-resolution γ-spectroscopy is essential to obtain relevant information
on this region of the excitation spectrum [12].
• Once the ground state is reached, the weak decay of the hyperon(s) will initiate the emission
of several particles. The determination of the ground state mass requires the knowledge of all
masses of the various decay products and their kinetic energies. Hence unique identification
of the final particles and precise determination of their kinetic energies is mandatory. Nuclear emulsions are even today the only technique which meets all requirements for precision
measurements of ground state masses.
Combining these three complementary methods we will have access to the complete level scheme
of ΛΛ-hypernuclei in the future, which nicely demonstrates the necessity of cooperation between
different scientific communities in this field. Complemented by hyperon-hyperon correlation studies
in heavy ion collisions which will be discussed in the next section, these measurements will provide
comprehensive information on the hyperon-hyperon interaction and on the role of ΛΛ - ΣΣ - ΞN
mixing in nuclei [21].
In 2016 and 2017 the E07 experiment at J-PARC employed the (K− ,K+ ) reaction to produce
low momentum Ξ− . These hyperons were subsequently stopped in nuclear emulsion plates. E07 is
expected to provide precise information on the absolute ground state masses of a few ten new ΛΛhypernuclei [22]. It is however impossible to detect neutrons or γ-rays from intermediate particle
unstable fragments with this method. As a consequence, the determination of the ground state
mass of double hypernuclei is limited to light nuclei which decay exclusively into charged particles.
Therefore, emulsion studies are limited to light nuclei with mass numbers A ≤ 12.
As for conventional nuclei, high-resolution γ-spectroscopy of ΛΛ-hypernuclei will deepen our
understanding of the structure of double hypernuclei. As an example, Fig.9 shows the neutron and
10
Λ hyperon density distribution of (a) 8Be and (b) a ΛΛ
Be nucleus where the two Λ’s populate an
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Figure 8: Various decays which allow to study the level scheme of ΛΛ-hypernuclei [17].
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Figure 9: Neutron and Λ hyperon density distributions of (a) 8Be and (b) ΛΛ
Be with both Λ’s in s orbit
10
( ΛΛ-sBe). The neutron densities ρn are shown by black contour lines, which starts from 0.1 fm3 with the
increments by 0.1 fm3 . The Λ hyperon densities ρΛ are shown by color map (extracted from Ref. [23]).

s-state [23]. Similar to the Λ7Li single-Λ hypernucleus, where the 6Li core shrinks when a Λ-particle
is added [20], a sizable shrinkage of the 8Be core is predicted. In the mean-field calculations shown
in Fig. 9, the distance between the two ”α clusters” reduces from 2.8 fm in 8Be down to 2.6 fm in
10
ΛΛBe with two Λ’s in the s-orbital.
10
At PANDA, ΛΛ
Be nuclei can be produced with large probability by using a secondary 10 B target
10
[24]. For ΛΛ
Be, the ΛΛ6He+ 4He decay defines the lowest particle threshold at about 7.5 MeV above
the ground state. As a consequence, the 2+ state at ≈ 2.86 MeV will be particle stable and the
10
10
+
+
ΛΛBe(2.86 MeV;2 ) → ΛΛBe(0;0 ) E2-transition will be observable. The transition energy will be
10
related to the effective moment of inertia. Of course, neither 8Be nor ΛΛ
Be are expected to be ideal
rigid rotors with two α-particles at a fixed distance [25]. Indeed, such effects as well as structural
changes caused by the presence of the two Λ hyperons will be reflected in the level scheme measured
with high precision by PANDA.

4

Antihyperons in nuclear matter

Studying antibaryons in conventional nuclei provides a unique opportunity to elucidate strong
in-medium effects in baryonic systems. Because of the strongly attractive antibaryon-nucleus potential, antibaryons embedded in nuclear matter might cause a local compression of rather cold
baryonic matter [26, 27, 28, 29, 30, 31]. Thus, the study of the antibaryon-nucleus interaction can
provide new information on the high density regime of the nuclear EOS. In turn, antibaryon-nucleus
systems may serve as a laboratory for the antibaryon-baryon interaction. Considering the important role played e.g. by strange baryons and antibaryons for a quantitative interpretation of dense
hadronic systems created in high-energy heavy-ion collisions, it is clearly necessary and beneficial
to study antibaryons in nuclear systems under rather well defined conditions.
Unfortunately, experimental information on antibaryons in nuclei is rather scarce. Only for the
antiproton its nuclear potential could be constrained by experimental studies. The (Schrödinger
equivalent) antiproton potential at normal nuclear density turns out to be in the range of Up '
−150 MeV, i.e. a factor of approximately four weaker than naively expected from G-parity relations
[32] (see Eq. 3 below). Gaitanos et al. [33] suggested that this discrepancy can be traced back to the
missing energy dependence of the proton-nucleus optical potential in conventional relativistic mean-

field models. The required energy and momentum dependence could be recovered by extending the
relativistic hadrodynamics Lagrangian by non-linear derivative interactions [33, 34, 35, 36] thus also
mimicking many-body forces [37]. This development is certainly promising and should be extended
to the antihyperon sector in the future. An implementation of these potentials into transport models
would be very beneficial for the experimental program at PANDA.
Considering the complete lack of data on the behaviour of antihyperons in nuclei, the antihyperonmeson couplings are usually obtained from the hyperon-meson coupling constants by applying the
G-parity transformation:
gσB = ξ · gσB , gωB = −ξ · gωB , gρB = ξ · gρB .

(3)

Here, the scaling factor ξ ensures, that the empirically determined antiproton-nucleus potential is
reproduced (see e.g. Ref. [32]). It is clear though, that a relativistic mean-field model can not
fully describe in-medium antibaryon interactions using the G-parity motivated coupling constants.
Many-body effects and the presence of strong annihilation channels could cause large deviations
from the simple G-parity prescription. Therefore, G-parity motivated couplings can at most be a
starting point to determine the antibaryon-meson couplings in a more rigourous way.
For illustration, we show in the right part of Fig. 10 the total potential acting on an extra baryon
(a) and on an extra antibaryon (b) in a 1s state in a 16 O nucleus [29, 30]. In the used relativistic
mean-field model the hyperon-meson coupling constants were constraint by Λ hypernuclei, Σ atoms,
and (K− ,K− )Ξ− data. For the construction of the antibaryon-nucleus interaction via the G-parity
symmetry the same scaling factor ξ=0.2 was assumed for all antibaryons. For all antihyperons
rather deep potentials arise which differ strongly from the corresponding hyperon potentials.
Fig. 10 shows a 3D plot of the summed proton and neutron density of an 16 O nucleus with an
implanted Λ, i.e. a 17
ΛO hypernucleus [27]. A compression to more than twice the normal nuclear
density is predicted. In these relativistic mean-field calculations, a large scaling factor of ξ=1 was
applied. However, qualitatively similar compressional effects are also found with significantly smaller

Figure 10: Left: 3D plot of nucleon density in the bound Λ+16 O system [27]. Right: The baryon-nucleus
(a) and antibaryon-nucleus (b) potentials in 16 O, calculated dynamically in a relativistic mean-field model.
Motivated by experimentally constrained antiproton-nucleus potentials, the scaling factor for the coupling
constants was assumed to be ξ = 0.2 for all antibaryons [29, 30].

scaling factors in the case of antiprotons embedded in a nucleus [27].
Antihyperons annihilate quickly in nuclei and conventional spectroscopic studies of bound systems are not feasible. As a consequence, no experimental information on the nuclear potential
of antihyperons exists so far. As suggested recently [38, 40, 41], quantitative information on the
antihyperon potentials may be obtained via exclusive antihyperon-hyperon pair production close to
threshold in antiproton-nucleus interactions. (left part of Fig. 11). Apart from Fermi motion, the
initial transverse momentum in a p+A→ BBX reaction is 0. Therefore, the transverse momenta
of the baryon and antibaryon should be opposite and equal at the point of their production inside
the nucleus. Once these hyperons leave the nucleus and are detected, their asymptotic momentum
distributions will reflect the depth of the respective potentials. A deep potential for one species
could result in a momentum distribution of antihyperons which differs from that of the coincident
hyperon.
The schematic calculations of Ref. [40, 41] revealed significant sensitivities of the transverse
momentum asymmetry αT to the depth of the antihyperon potential where αT is defined in terms
of the transverse momenta of the coincident particles
αT =

pT (Λ) − pT (Λ)
pT (Λ) + pT (Λ)

(4)
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In order to go beyond the schematic calculations presented in Refs. [40, 41] and to include simultaneously secondary deflection and absorption effects, we recently analyzed [38] more realistic
calculations of this new observable with the Giessen Boltzmann-Uehling-Uhlenbeck transport model
(GiBUU, Release 1.5) [42]. In order to explore the sensitivity of the transverse momentum asymmetry on the depth of the Λ-potential calculations, the default antihyperon potentials [43] were
scaled, leaving all other input parameters of the model unchanged.
Besides hydrogen isotopes, also noble gases can be used by default as nuclear targets by the
PANDA experiment. We, therefore, studied the exclusive reaction p+20 Ne→ BBX at several
beam energies close the respective threshold [17, 38]. The right panel of Fig. 11 shows the GiBUU
prediction for the average transverse asymmetry αT (Eq. 4) plotted as a function of the longitudinal

0.1

ξ

Λ

0

0.25

0.5

1

0
-0.1

-0.2

pY   pY

-0.3
-1

-0.5

0

0.5
1
Longitudinal Asymmetry αL

Figure 11: Left: Scheme of the reaction proposed to explore the relative nuclear potentials of baryons and
antibaryons. Right: Average transverse momentum asymmetry as a function of the longitudinal momentum
asymmetry for ΛΛ-pairs produced exclusively in 0.85 GeV p20 Ne interactions [17, 38]. The different symbols
show the GiBUU predictions for different scaling factors ξΛ of the antibaryon-potentials. Note that these
results were obtained with the GiBUU release 1.5.

momentum asymmetry αL which is defined for each event as
αL =

pL (Λ) − pL (Λ)
.
pL (Λ) + pL (Λ)

(5)

The transverse asymmetry evaluated for ΛΛ pairs shows a remarkable sensitivity on the scaling
factor ξΛ for the Λ-potential. In Ref. [38] it was demonstrated that this sensitivity is strongly related
to the rescattering process of the hyperons and antihyperons within the target nucleus.
Σ− Λ-momentum correlations also show a strong sensitivity to the depth of the antihyperon
potential [38]. However, as already stressed in Ref. [43], the attractive Σ− -potential adopted in
the present GiBUU model is not compatible with experimental data. Clearly, the description of
the Σ− -potential in the transport model needs to be improved so that the predictions for Σ− Λ
pairs can be put on firm footing. Nevertheless, Σ− Λ pairs are produced in p-n interactions. As a
consequence a comparison of ΛΛ and Σ− Λ-correlations in neutron-rich nuclei might help to explore
the isospin dependence of the Λ-potential in nuclear matter.

5

The HYPER-PANDA setup

In addition to the general purpose PANDA setup, the hyperatom and hypernuclear measurements
require a dedicated primary target which is placed approximately 55 cm upstream of the nominal
target position (Fig. 12). The main task of the primary target is the production of Ξ− hyperons.
This internal target consists of a thin carbon filament which will be operated in the halo of the
antiproton beam.
The secondary targets differ for the hyperatom and the hypernucleus experiments (Fig.13).
However, the principle design of these secondary target systems is in both cases determined by the
competition between the finite Ξ− mean lifetime of τΞ− =1.64·10−10 s and the time it takes to stop
a hyperon inside the secondary absorber (see Fig. 2). For the hypernucleus measurements, an active

Figure 12: Integration of the hyperatom or hypernucleus setup into the PANDA detector.

Primary target

Secondary targets

Ξ--Hyperatom
passive 208Pb

ΛΛ-Hypernuclei
active 10,11B
Figure 13: Target station for the primary target (left part) and secondary target modules surrounding
the primary target. The secondary target modules differ for the Ξ− -hyperatoms (top) and ΛΛ-hypernuclei
studies at PANDA .

secondary target of silicon layers sandwiched between boron absorbers to stop the Ξ− hyperons and
to detect pions from the weak decay of ΛΛ- and Λ-hypernuclei is used. Because of the short lifetime
of the Ξ− hyperons and their brief stopping time in the secondary target, it is essential to place
the secondary absorber as close as possible to the primary target to reach a maximum stopping
probability. It was therefore decided to build the wall of the vacuum chamber in the region of the
secondary target out of the secondary absorber material. Additional absorber material will be placed
inside the vacuum chamber, thus forming a cylindrical beam pipe surrounding the primary target.
For the hyperatom studies this active secondary target will be replaced by a passive lead absorber.
The geometry of the lead material is determined by the stopping distribution of Ξ− hyperons and
the absorption of γ-rays from formed hyperatoms. The present design of the secondary target is
optimized by means of Ξ− momentum distributions predicted by microscopic transport models.
To detect the γ-rays emitted from the produced hyperatoms or hypernuclei, the setup will be
complemented by a high purity Germanium (HPGe) detectors array. This array is composed of 20
DEGAS triple detectors which are developed by the NUSTAR Collaboration [44, 45]. As shown in
Fig. 12, these cluster detectors replace the backward end-cap of the PANDA calorimeter.

6

Summary

Antiproton beams at the High Energy Storage Ring (HESR) at FAIR facilitate the production of
low energy hyperons and antihyperons with high production rates. By stopping these hyperons in
secondary targets, the PANDA experiment will make absolutely unique contributions to the physics
of strange nuclear systems with S = -2 by precision spectroscopic studies of heavy Ξ− atoms
as well as ΛΛ-hypernuclei. In addition, by tagging on antihyperon–hyperon production in nuclei,
antihyperons can be traced in cold nuclei for the first time.
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J. Wickens, T. Cantwell, C. Ghógáin, A. Montwill, K. Garbowska-Pniewska, T. Pniewski, and
J. Zakrzewski. “Some properties of the charged Σ hyperons.” In: Nuclear Physics B 33.2
(1971), pp. 493–504. issn: 0550-3213.

[4]

T. Yamada and K. Ikeda. “Double-Λ, twin-Λ, and single-Λ hypernuclear productions for
stopped Ξ− particles in 12 C.” In: Phys. Rev. C 56 (6 Dec. 1997), pp. 3216–3230.

[5]

Y. Hirata, Y. Nara, A. Ohnishi, T. Harada, and J. Randrup. “Formation of twin and double
Λ hypernuclei from Ξ− absorption at rest on 12 C.” In: Nuclear Physics A 639.1 (1998),
pp. 389c–392c. issn: 0375-9474.

[6]

Y. Hirata, Y. Nara, A. Ohnishi, T. Harada, and J. Randrup. “Quantum Fluctuation Effects on
Hyperfragment Formation from Ξ− Absorption at Rest on 12 C.” In: Progress of Theoretical
Physics 102.1 (1999), p. 89. eprint: /oup/backfile/Content_public/Journal/ptp/102/
1/10.1143_PTP.102.89/3/102-1-89.pdf.

[7]

S. Bleser. “High resolution γ-spectroscopy of ΛΛ-hypernuclei at PANDA.” PhD thesis. Johannes Gutenberg-Universität Mainz, (unpublished).

[8]

C. J. Batty, E. Friedman, and A. Gal. “Experiments with Ξ− atoms.” In: Phys. Rev. C 59 (1
Jan. 1999), pp. 295–304.

[9]

PANDA Collaboration and M.F.M. Lutz and B. Pire and O. Scholten and R. Timmermans.
“Physics Performance Report for PANDA: Strong Interaction Studies with Antiprotons.” In:
(Mar. 2009). arXiv: 0903.3905 [hep-ex].

[10]

A. Ohnishi, Y. Hirata, Y. Nara, S. Shinmura, and Y. Akaishi. “Hyperon distribution and
correlation in (K − , K + ) reactions.” In: Nuclear Physics A 684.1 (2001), pp. 595–597. issn:
0375-9474.

[11]

H. N. Brown, B. B. Culwick, W. B. Fowler, M. Gailloud, T. E. Kalogeropoulos, J. K. Kopp,
R. M. Lea, R. I. Louttit, T. W. Morris, R. P. Shutt, A. M. Thorndike, M. S. Webster, C.
Baltay, E. C. Fowler, J. Sandweiss, J. R. Sanford, and H. D. Taft. “Observation of Production
+
of a Ξ− +Ξ Pair.” In: Phys. Rev. Lett. 8 (6 Mar. 1962), pp. 255–257.

[12]

J. Pochodzalla. “Future experiments on hypernuclei and hyperatoms.” In: Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
214 (2004). Low Energy Antiproton Physics (LEAP’03), pp. 149–152. issn: 0168-583X.

[13]

E. Friedmann. Private communication.

[14]

I. Angeli and K. Marinova. “Table of experimental nuclear ground state charge radii: An
update.” In: Atomic Data and Nuclear Data Tables 99.1 (2013), pp. 69–95. issn: 0092640X.

[15]

M. Steinen. “Study of heavy Ξ− hyperatoms at PANDA.” PhD thesis. Johannes GutenbergUniversität Mainz, (unpublished).

[16]

G. Backenstoss, A. Bamberger, T. Bunaciu, J. Egger, H. Koch, U. Lynen, H. Ritter, H.
Schmitt, and A. Schwitter. “Strong interaction effects in antiprotonic atoms.” In: Physics
Letters B 41.4 (1972), pp. 552–556. issn: 0370-2693.

[17]

T. P. C. B. Singh et al. “Study of doubly strange systems using stored antiprotons.” In:
Nuclear Physics A 954 (2016). Recent Progress in Strangeness and Charm Hadronic and
Nuclear Physics, pp. 323–340. issn: 0375-9474.

[18]

J. Pochodzalla et al. “Two-particle correlations at small relative momenta for 40 Ar induced
reactions on 197 Au at E/A=60 MeV.” In: Phys. Rev. C 35 (5 May 1987), pp. 1695–1719.

[19]

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. Yamamoto. “Four-body cluster
structure of A=7-10 double-Λ hypernuclei.” In: Phys. Rev. C 66 (2 Aug. 2002), p. 024007.

[20]

K. Tanida et al. “Measurement of the B(E2) of 7Λ Li and Shrinkage of the Hypernuclear Size.”
In: Phys. Rev. Lett. 86 (10 Mar. 2001), pp. 1982–1985.

[21]

E. Hiyama, Y. Yamamoto, T. Motoba, and M. Kamimura. “Structure of A = 7 iso-triplet Λ
hypernuclei studied with the four-body cluster model.” In: Phys. Rev. C 80 (5 Nov. 2009),
p. 054321.

[22]

K. Nakazawa. “Double-Λ Hypernuclei via the Ξ− Hyperon Capture at Rest Reaction in a
Hybrid Emulsion.” In: Nuclear Physics A 835.1 (2010), pp. 207–214. issn: 0375-9474.

[23]

Y. Tanimura. “Clusterization and deformation of multi-Λ hypernuclei within a relativistic
mean-field model.” In: Phys. Rev. C 99 (3 Mar. 2019), p. 034324.

[24]

A. S. Lorente, A. S. Botvina, and J. Pochodzalla. “Production of excited double hypernuclei
via Fermi breakup of excited strange systems.” In: Physics Letters B 697.3 (2011), pp. 222–
228. issn: 0370-2693.

[25]

E. Garrido, A. S. Jensen, and D. V. Fedorov. “Rotational bands in the continuum illustrated
by 8 Be results.” In: Phys. Rev. C 88 (2 Aug. 2013), p. 024001.

[26]

T. Bürvenich and I.N. Mishustin and L.M. Satarov and J.A. Maruhn and H. Stöcker and W.
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