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Abstract The Facility for Antiproton and Ion Research
(FAIR) in Darmstadt, Germany, provides unique possibili-
ties for a new generation of hadron-, nuclear- and atomic
physics experiments. The future antiProton ANnihilations at
DArmstadt (PANDA or PANDA) experiment at FAIR will
offer a broad physics programme, covering different aspects
of the strong interaction. Understanding the latter in the non-
perturbative regime remains one of the greatest challenges in
contemporary physics. The antiproton—nucleon interaction
studied with PANDA provides crucial tests in this area. Fur-
thermore, the high-intensity, low-energy domain of PANDA
allows for searches for physics beyond the Standard Model,
e.g. through high precision symmetry tests. This paper takes
into account a staged approach for the detector setup and for
the delivered luminosity from the accelerator. The available
detector setup at the time of the delivery of the first antiproton
beams in the HESR storage ring is referred to as the Phase
One setup. The physics programme that is achievable during
Phase One is outlined in this paper.

#e-mail: j.g.messchendorp @rug.nl (corresponding author)

b e-mail: karin.schonning @physics.uu.se (corresponding author)

1 Introduction

The Standard Model (SM) of particle physics has to date
successfully described elementary particles and their inter-
actions. However, many challenging questions are yet to be
resolved. Some of these are being studied at the high energy
frontier at e.g. the LHC at CERN. A different approach is the
high precision/high intensity frontier provided by exclusive
measurements of hadronic reactions at intermediate energies.
This will be exploited in the upcoming PANDA experiment at
FAIR, where antiproton-proton and antiproton-nucleus inter-
actions serve as diagnostic tools. The PANDA physics pro-
gramme consists of four main physics domains: (a) Nucleon
structure (b) Strangeness physics (¢) Charm and exotics and
(d) Hadrons in nuclei, as illustrated in Fig. 1.

The theory describing the strongly interacting quarks and glu-
ons is Quantum Chromodynamics (QCD) [1]. At high ener-
gies, or short distances, the strong coupling «; is sufficiently
weak to enable a perturbative treatment i.e. pQCD. Quarks
act as free particles due to asymptotic freedom, an inherent
property of QCD [2—4], and the predictions from pQCD have
been rigorously and successfully tested in experiments [5].
At low and intermediate energies, o increases and pQCD
breaks down. The strongly interacting quarks and gluons are
confined into hadrons within a radius of ~1 fm. A quantita-
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Fig. 1 The PANDA physics domains emerging when using antiproton interactions with nucleons and nuclei as diagnostic tools to shed light on
some of the most challenging unresolved problems of contemporary physics

tive description of the strong interaction at the scale where
quarks and gluons form hadrons and up to the onset of pQCD,
belongs to the most challenging questions in contemporary
physics. This manifests itself in the nucleon whose inher-
ently non-perturbative properties such as the spin [6,7] and,
partly controversial, the mass [8] remain objects of intense
discussions and research. Understanding the former requires
detailed knowledge about the distribution and motion of the
quarks and gluons inside the hadrons. These can be quan-
tified by e.g. electromagnetic structure observables such as
form factors and parton distributions.

The mass of a purely light-quark system such as the
nucleon, is to a very large extent generated dynamically by
the strong interaction via the QCD intrinsically generated
scale Agcp, rather than the Higgs mechanism. Nature is
close to the chiral-limit case of massless quarks. Explaining
the mass of nucleons and other hadrons requires a detailed
theoretical understanding of the low-energy aspects of QCD,
which goes hand in hand with the experimental determina-
tion of the hadronic excitation spectrum. In particular, it is
illuminating to study hadrons whose building blocks have
different masses, from the massless gluons on one hand, to
heavy quarks, e.g. charm, on the other. In the latter case the
charm quark(s) can be viewed as a near static color source(s)
surrounded by the strongly interacting light quarks, a sce-
nario that leads to additional, new forms of matter.

Glueballs, suggested by theorists since more than 40 years
[9,10], constitute one extreme since they consist solely of
massless gluons. Hence, 100% of the glueball mass is dynam-
ically generated by the strong interaction. However, unam-
biguous evidence for their existence has not yet been found.
Also the mass of hybrids [11-14], states which consist of
massive quarks and massless gluons, is expected to be largely
generated dynamically.

The other extreme are “pure” quark systems containing
heavier quarks, e.g. strange or charm. The experimentally
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well-established hyperons are baryons just like the nucleons,
but contain one or several heavier quarks. Strange systems
provide a bridge between nucleons, composed of essentially
relativistic and non-perturbative quarks, on one side, and
the fairly non-relativistic systems containing heavy charm
or beauty quarks on the other. With a strong coupling at the
charm scale of ay = 0.3, the validity of perturbative QCD
becomes questionable. In general, we note that the limit of
applicability of perturbative QCD is by itself a complex sub-
ject. However, it is a reasonable approximation to describe
states and processes in terms of quark and gluon degrees of
freedom. Meson-like systems with hidden charm (cc) show
interesting features; in particular the experimentally discov-
ered states above the open-charm production threshold that
do not fit into the naive conventional quark-antiquark picture
and, thereby, likely must have a more complicated struc-
ture [15-17]. These states are often referred to as the XYZ
states, whereby Z refers to isospin one cases, Y to those
states that are formed in e*e™ annihilations with spin-parity
of JP€=17",and X to the other remaining resonances. Even
for the conventional nucleon, the existence of nonperturba-
tive intrinsic charm, a first-principle property of QCD, has
been proposed [18-20], but experimentally not firmly con-
firmed.

At the next level of complexity, where nucleons form
nuclei, a long-standing question is how the nuclear force
emerges from QCD. The short-distance structure of nuclei,
studied in hadronic interactions with atomic nuclei, can shed
light on this issue. At high energies, the strong interaction is
predicted to be reduced due to colour transparency [22]. At
low energies, hadrons are implanted in the nuclear environ-
ment and form bound systems with finite life-time. Those
could be hypernuclei where one (or several) nucleon(s) in
a nucleus is replaced by a hyperon. Studies of hypernu-
clei could shed light on the long-standing hyperon puzzle of
neutron stars. Here, hyperon—nucleon and hyperon—-hyperon
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interactions give rise to hyperon pairing which can suppress
the cooling of neutron stars [23].

Finally, the validity and limitations of the SM itself remain
an open question at the most fundamental level. One example
is the matter-antimatter asymmetry, or baryon asymmetry,
of the Universe, that cannot be explained within the SM.
Unless fine-tuned in the Big Bang, the baryon asymmetry
should be of dynamical origin, referred to as baryogenesis
[25]. This would however require e.g. CP violating processes
to an extent that so far have not been observed experimentally.

To summarise, despite the many successes of the SM,
many unresolved puzzles remain. Various efforts from both,
theoretical and experimental frontiers are in progress or
planned in the near future to address these puzzles [24].
In this paper, we highlight PANDA, a future facility that
will exploit the annihilation of antiprotons with protons and
nuclei to shed light on the mysteries behind the fundamen-
tal forces in nature. PANDA has unique features associated
with the usage of antiprotons and a versatile detector that
provide a complementary discovery potential with respect
to other facilities with the capability to carry out precision
studies in the field of particle, hadron, and nuclear physics.
In this paper, we outline these features and give an overview
of the PANDA physics objectives with emphasis on the pro-
gramme foreseen for the first phase of operation of PANDA,
in the following referred to as Phase One. The structure of the
paper is as follows. First, we elaborate on the advantages of
antiprotons as a probe. Next, we give a detailed presentation
of the PANDA experiment in general and the Phase One con-
ditions in particular. We go through each one of the PANDA
physics sections and discuss their underlying purpose and
aims, the present experimental status and the potential for
PANDA Phase One. Finally, we conclude each part by pro-
viding a discussion on its impact and long-term perspectives
in which we also briefly outline additional follow-up aspects
for the subsequent phases of PANDA.

2 Opportunities with antiprotons

The intense and precise antiproton beam foreseen in PANDA
has many advantages:

— The cross sections of hadronic interactions are generally
large.

— Individual meson-like states can be produced in forma-
tion without severe limitations in spin and parity combi-
nations.

— Baryons with various flavour, spin and parity can be pro-
duced in two-body reactions.

— The annihilation process could proceed via gluons and,
in that case, providing a gluon-rich environment.

In the following, we elaborate on these points in more detail.

The cross sections associated with antiproton-proton anni-
hilations are generally several orders of magnitude larger
than those of experiments using electromagnetic probes. This
enables excellent statistical precision already at the moderate
luminosities available in Phase One (~ 103! cm_zs_l). In
particular, hadrons composed of strange quarks and hadrons
with explicit gluon degrees-of-freedom are abundantly pro-
duced as demonstrated at a multitude of previous experiments
at LEAR, CERN [26].

Hadronic reactions can be divided into two classes: for-
mation and production. In formation, the initial systems fuse
into one single state. The line shape of such a state can be
determined from the initial system, using a technique called
resonance energy scan. The beam momentum is changed in
small steps thereby varying the centre-of-mass energy in the
mass region of the state of interest and the production rate
is measured. Each resulting data point is a convolution of
the beam profile and the resonance cross section according
to Fig. 2. The true energy-dependent cross section (green
dashed line) is determined by the effectively measured cross
section (solid blue line) based on the measured yields (mark-
ers) and the beam momentum spread (red dotted line). The
smaller the momentum spread of the beam, the more precise
the measurement of the resonant line shape will be. In for-
mation, the possible quantum numbers of the formed state
depend on the probes. In eTe™ annihilations, processes in
which the formed state has the same quantum numbers as
the photon, i.e. JP€ = 17, are strongly favoured. States
with any other quantum number are strongly suppressed and
these therefore have to be produced together with a system
of recoiling particles, i.e. in production, or from decays of
the 17~ state. The disadvantage of production with recoils
is that the state of interest needs to be identified by the decay
products. As a consequence, the mass resolution is limited
by the detector resolution, which is typically several orders
of magnitude worse than the beam momentum spread. In
antiproton-proton annihilations, any state with gg-like, or
non-exotic, quantum numbers can be created in formation.
With a cooled antiproton beam, like the one foreseen for
PANDA, the centre-of-mass energy resolution is excellent
reaching a precision that is expected to be about 85 keV at a
centre-of-mass energy of 3.8 GeV at Phase One. Experiments
of this kind are therefore uniquely suited for precision studies
of masses, widths and line-shapes of meson-like states with
non-exotic quantum numbers that are different from 177. A
prominent example of this is the hidden-charm . (3872)!
with JP€ = 11+, that we will discuss further in Sect. 6.2.2.
Furthermore, PANDA is unique in its capability to probe res-
onances with high spin. These are difficult to produce using
electromagnetic probes, as well as in decays of e.g. B mesons.

! This state is also known as the X (3872). In this paper, we use the
notation used by the Particle Data Group [5].
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Fig. 2 Schematics of a resonance energy scan: The true energy dependent cross-section (dashed green line), the beam momentum spread (dashed
red line), the measured yields (black markers), and the effectively measured energy dependent event rate (solid blue line) are illustrated

Baryons and antibaryons can be produced in two-body
reactions pp — BjB,. The final state baryons can carry
strangeness or charm provided the B; B, system is flavour
neutral. In particular for multi-strange hyperons, this is an
advantage compared to meson or photon probes, where
strangeness conservation requires that the hyperon is pro-
duced with the corresponding number of associated kaons.
As a result, the final state comprises at least three pseudo-
stable particles, which complicates the partial-wave analysis
necessary in hyperon spectroscopy. Two-body reactions on
the other hand, in particular close to the kinematic thresh-
old, typically involve few partial waves. Furthermore, spin
observables and decay parameters can be accessed in a
straight-forward way in two-body reactions. This enables
production dynamics studies as well as charge conjuga-
tion parity (CP) symmetry tests in the strange sector. The
particle-antiparticle symmetric final state minimises system-
atic uncertainties. In principle, the aforementioned advan-
tages apply also for baryon-antibaryon production in e*e™
colliders. However, the typically much smaller cross sections
result in low production rates. The resulting data samples are
therefore smaller and in order to obtain sufficiently many
events, methods such as missing kinematics or single-tag
analysis are common. This however limits the possibility to
reduce the background and achieve good resolution. In pp
experiments, one can obtain large data samples also in exclu-
sive analysis, which increases the discovery potential.
The pp — X process includes quark-antiquark annihila-
tions, which result in gluons. Therefore, antiproton—proton
annihilation provides a gluon-rich environment, where states
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with a gluonic component are likely to be produced if they
exist. Gluon-rich environments exist also in radiative decays
of charmonia and in central hadron—hadron collisions. How-
ever, in radiative decays, reconstruction of the properties of
the resonant state of interest relies solely on detector infor-
mation since the process is not a formation process. As a
result, the resolution is limited by the detector. The same
is true for central hadron-hadron collisions, where the final
state consists of the scattered hadrons and the produced reso-
nance. The spin and parity of the resulting multi-particle final
state is complicated to reconstruct without assumptions about

the underlying production mechanism. This in turn leads

to model-dependent ambiguities. The process pp — X,

where X refers to a single resonance, is less complicated
in this regard.

The momentum range (1.5 — 15 GeV/c), momentum pre-
cision (Ap/p =~ 107% 107°) and intensity
(~ 103! cm~2s~1) of the antiproton beam in PANDA is tai-
lored for strong interaction studies. PANDA will give access
to the mass regime up to 5.5 GeV/c? whereby recently new
and interesting forms of hadronic matter have been observed
(XY Z states), it can study the hadron-antihadron formation
close to their production threshold, such as for the reactions
pp — AA XY, EE,28,DD, DDy, AcA., E. 2.,
E.5., 2.8, and it has the resolution to measure the line-
shape of states very accurately.
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3 The PANDA experiment at FAIR

The PANDA experiment is one of the four pillars of FAIR
[27]. PANDA will be a fixed-target experiment where the
antiproton beam will impinge on a cluster jet (pp or pA) or
pellet target (p p) or target foils (p A). The High Energy Stor-
age Ring (HESR) [28] can provide antiprotons with momenta
from 1.5 up to 15 GeV/c. The physics goals of PANDA out-
lined in this paper require a detector system with nearly full
solid-angle coverage, high-resolution tracking, calorimetry
and particle identification over a broad momentum range as
well as vertex reconstruction.

The success of the physics programme will depend not
only on the detector performance but also on the quality
and intensity of the antiproton beam. Antiprotons are pro-
duced from reactions of 30 GeV/c protons on a nickel or
copper target. The source of these protons will be a dedicated
high-power proton Linac followed by the existing SIS18 syn-
chrotron and the new SIS100 synchrotron. Produced antipro-
tons are focused by a pulsed magnetic horn and selected in
a magnetic channel at a momentum of around 3.7 GeV/c.
After phase-space cooling in the Collector Ring (CR), pack-
ets of about 10% antiprotons are transferred to the HESR
for accumulation and subsequent acceleration or decelera-
tion necessary for measurements in PANDA. In this mode
of operation, the HESR is able to accumulate up to 10'°
antiprotons from 100 injections within a time span of 1000 s.
In a later stage of FAIR, the accumulation will take place
in a dedicated ring, i.e. the Recuperated Experimental Stor-
age Ring (RESR), allowing for up to 10'! antiprotons to be
injected and stored in the HESR. An important feature of the
HESR is the versatile stochastic cooling system operating
during accumulation and target operation. It is designed to
deliver a relative beam-momentum spread (Ap/p) of better
than 5-107°. Furthermore, it includes a barrier bucket cavity
that compensates for the mean energy loss in the thick target
and that fine-tunes the absolute beam energy. This enables
precise energy scans around hadronic resonances and kine-
matic thresholds. The centre-of-mass resolution will be about
50 keV, which to date is unreachable by other accelerators
using different probes.

3.1 Staging of the experiment

The PANDA experiment will follow a staged approach in the
construction of the detector and in the usage of the antiproton
beam. It comprises four phases, briefly outlined below.

The first phase, Phase Zero, started in 2018 and it refers
to physics activities where PANDA detectors and analysis
methods are used at existing and running facilities. One
example is the usage of PANDA tracking stations in the
upgraded HADES at GSI [29], another is the deployment

of parts of the PANDA calorimeter for experiments with A1l
at MAMI [30].

The installation of the first major detector components of
PANDA, including the two spectrometer magnets, will fol-
low Phase Zero. This installation phase will be completed
with a commissioning of the detectors using a proton beam
at the HESR. The start of Phase One will be marked with the
usage of antiprotons together with the commissioned detec-
tors. The corresponding physics programme is outlined in
this paper. During Phase One, the HESR will be capable of
accumulating at most 10'° antiprotons in 1000 s. The lumi-
nosity is expected to rise gradually from about 103°cm=2s~!
to the maximum of 2 x 103! em™2s~! (at 15 GeV/c) during
Phase One. The cluster jet target available from the begin-
ning allows the use of hydrogen, deuterium or noble gases
as target materials. The available PANDA detector of Phase
One will be referred to as the start setup and includes most
of the major components as shown in Fig. 3. A description
of the various available detector components will be given
in Sect. 3.2. The total integrated luminosity for Phase One is
expected to be about 0.5 fb~!.

The detector will be completed according to the final
design in Phase Two. The main components beyond the start
setup are the detector for charged particle identification in the
forward region (e.g. forward RICH detector) and the comple-
tion of the Gas Electron Multiplier (GEM) tracker and for-
ward trackers. Moreover, a pellet target system will become
available. The corresponding setup will be referred to as the
full setup. In Phase Three, the RESR will be available at
FAIR which provides an increase in luminosity at HESR by
a factor of approximately 20.

3.2 The PANDA start setup

To achieve the full physics potential of PANDA, the com-
plete set of detector systems is needed. In Phase One, not all
of these will be available and the focus is therefore on reac-
tions with large expected cross sections and good signal-to-
background ratios as well as relatively small multiplicities of
final-state particles.

In this section, we primarily describe the hardware sys-
tems to be installed as part of the start setup. The PANDA
detector consists of two main parts:

— The Target Spectrometer (TS) for the detection of par-
ticles at large scattering angles (>10° in the horizontal
direction and >5° in the vertical direction). The momen-
tum measurement of charged particles is based on a super-
conducting solenoid magnet with a field strength of 2 T.

— The Forward Spectrometer (FS) for particles emitted in
the forward direction (£5° vertically and £10° horizon-
tally). The momentum measurement is based on a dipole
magnet with a bending power of up to 2 Tm.
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Fig. 3 Schematic overview of the start setup of PANDA. The various tracking detectors are indicated in red, the components for particle identification
in blue, the electromagnetic calorimeters in green, and the target system in black

The magnet system is described in Ref. [31]. Both spectrom-
eters are integrated with devices to perform tasks such as high
resolution tracking, particle identification (PID), calorimetry
and muon detection.

The internal target operation of PANDA will employ a
cluster jet target that can be operated with hydrogen as well
as heavier gases. With hydrogen, an average luminosity of
103'em=2s~! can be reached in the experiment [32].

3.2.1 The target spectrometer

The beam-target interaction point will be enclosed by the
Micro Vertex Detector (MVD) that will measure the interac-
tion vertex position. It will consist of hybrid silicon pixels
and silicon strip sensors. The vertex resolution is designed
to be about 35 wm in the transverse direction and 100 pm in
the longitudinal direction. Moreover, the MVD significantly
contributes to the reconstruction of the transverse momentum
of charged tracks [33]. The Straw Tube Tracker (STT) will
surround the MVD with the primary purpose of measuring
the momenta of particles from the curvature of their trajecto-
ries in the solenoid field. The low-mass (1.2% of a radiation
length) STT detector will consist of gas-filled straw-tubes
arranged in cylindrical layers parallel to the beam direction.
From these straws, a resolution better than 150 pwm in the
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transverse x and y coordinates can be achieved. Some straw
tube layers will be skewed with respect to the beam direction
which enables an estimation of the z coordinate along to the
beam. The z resolution will be approximately 3 mm. The STT
will also contribute to the charged particle identification by
measuring the energy loss d E /d x. Details of the STT can be
found in Ref. [34]. The PANDA Barrel DIRC [35], surround-
ing the STT, will cover the polar angle region between 22°
and 140°. The DIRC will be surrounded by a barrel-shaped
Time of Flight (TOF) detector consisting of scintillating tiles
read out by silicon photomultipliers. The expected time res-
olution [36], better than 100 ps, will allow precise particle
identification of low momentum particles. In addition it is
used to assign a precise time information to reconstructed
tracks to combine several tracks to one event of the same
antiproton-target interaction. The high time resolution and
the long mean time between events during the phase-one
operation of PANDA will ensure that the mixing of events
can be suppressed to a negligible amount. The electromag-
netic calorimeter (EMC), that will measure the energies of
charged and neutral particles, will consist of three main parts:
The barrel, the forward endcap and the backward endcap.
The expected high count rates and the geometrically com-
pact design of the target spectrometer require a fast scintilla-
tor material with a short radiation length and small Moliere
radius. Lead-tungstate (PbWO,) fulfils the demands for pho-



Eur. Phys. J. A (2021) 57:184

Page 9 of 36 184

tons, electrons and hadrons in the energy range of PANDA.
The signals from the lead-tungstate crystals are read out by
large-area avalanche photodiodes, except in the central part of
the forward endcap where vacuum photo-tetrodes are needed
for the expected higher rates. The EMC also plays an impor-
tant role in the particle identification. In particular for elec-
tron/positron identification, it can suppress background from
charged pions with a factor of about 1000 for momenta above
0.5 GeV/c. A detailed description of the detector system can
be found in Ref. [37]. The laminated yoke of the solenoid
magnet, outside the barrel EMC, is interleaved with sensitive
layers to act as a range system for the detection and identi-
fication of muons. Rectangular aluminium Mini Drift Tubes
(MDT) are foreseen as sensors between the absorber layers.
Details of this system are described in Ref. [38]. Downstream
of the target, within the TS, a system of GEM foils will be
located. The GEM planes will offer tracking of particles emit-
ted with polar angles below 22°, a region that the STT in the
target spectrometer will not cover. In the start setup, two
GEM stations will be installed. Part of the particles that pass
the GEM tracking detector will be further registered by the
Forward Spectrometer (FS) rather than the TS.

3.2.2 The forward spectrometer

The FS detector systems are conceptually similar to those of
the TS, but will have a planar geometry instead of a cylindri-
cal one. The detector planes will be arranged perpendicular
to the beam pipe and thereby measure the deflection of parti-
cle trajectories in the field of the dipole magnet. Downstream
of the GEMs, two pairs of straw tube tracking stations are
foreseen for the start setup [39]. One will be placed in front
of the dipole magnet and the other inside its field. Particle
identification will be provided by the Forward TOF wall con-
sisting of scintillating slabs. The signals from the latter will
be read out by photomultiplier tubes offering a time reso-
lution better than 100 ps [40]. Forward-going photons and
electrons will be detected and identified by a Shashlyk-type
calorimeter with high resolution and efficiency. The detection
is based on lead-scintillator sandwiches read out with wave-
length shifting fibres passing through the block and coupled
to photomultiplier tubes. The system is described in detail
in Ref. [41]. At the end of the FS, a muon range system is
placed using sensors interleaved with absorber layers similar
to the TS.

3.2.3 Luminosity determination

The luminosity at PANDA will be determined by using elastic
antiproton-proton scattering as the reference channel. Since
the Coulomb part of the elastic scattering can be calculated
precisely and dominates at small momentum transfers, the
polar angle of 3—8 mrad is chosen for the measurement. The

track of each scattered antiproton and therefore the angular
distribution of the tracks will be measured by the luminos-
ity detector made of four layers of thin monolithic silicon
pixel sensors (HV-MAPS) [42]. An absolute precision of 5%
for the time integrated luminosity is expected and a relative
precision of 1% during the energy scans.

3.2.4 Data acquisition

The PANDA data acquisition concept is being developed to
match the complexity of a next-generation hadron physics
experiment. It will make use of high-level software algo-
rithms for the on-line selection of events within the con-
tinuous data stream. This so-called software-based trigger
system replaces the more traditional hardware-driven trigger
systems that have been a common standard in the past. In
order to handle the expected Phase One event rate of 2 MHz,
every subdetector system is a self-triggering entity. Signals
are detected autonomously by the sub-systems and are pre-
processed in order to transmit only the physically relevant
information. The online event selection occurs in computing
nodes, which first perform event-building followed by filter-
ing of physical signatures of interest for the corresponding
beam-target settings. This concept provides a high degree
of flexibility in the choice of trigger algorithms and hence a
more sophisticated event selection based on complex trigger
conditions, compared to the standard approach of hardware-
based triggers.

3.3 The simulation and analysis framework

The feasibility studies presented in this paper have been car-
ried out using a common simulation and analysis framework
named PandaROOT [43]. This framework provides a com-
plete simulation chain starting from the Monte Carlo event
generation, followed by particle propagation and detector
response, signal digitisation, reconstruction and calibration,
and finally the physics analysis.

PandaROOT is derived from the FairROOT framework
[44] which is based on ROOT [45]. FairROOT offers a large
set of base classes which enables a straight-forward customi-
sation for each individual detector setup. It offers an input-
output manager, a run manager, database handling, an event
display and the Virtual Monte Carlo (VMC) interface which
allows to select different simulation engines. In addition, it
uses the task system of ROOT to combine and exchange dif-
ferent algorithms into a simulation chain.

The first part in the simulation chain is the event gen-
eration. Here, the initial interaction of the antiproton beam
with the target material is simulated using a Monte Carlo
approach. Different generators exist for different purposes.
Dedicated reactions and their subsequent decays are gener-
ated by the standard signal generator EvtGen [46]. For the
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generic background, the Dual Parton Model (DPM) [47] and
the Fritiof (FTF) model [48,49] can be chosen. Both include
all possible final states and are tuned to an exhaustive com-
pilation of the BoxGenerator creates single types of particles
within user-defined momentum and angular ranges.

The generated particles are propagated through a detailed
detector model, simulating the reactions with the detector
material and possible decays in-flight. For this purpose,
Geant3 and Geant4 are available to the user. The level of
detail in the virtual detector description varies between the
different subdetectors but all active components, as well as
most of the passive material, are included. Separate descrip-
tions are prepared for the start setup and the full setup. From
this stage, the energy deposit, the position and the time of a
given interaction in a sensitive detector element is delivered
as output, all with infinite resolution. Real data will however
consist of electronic signals with finite spatial- and time res-
olution. Therefore, the digitisation converts the information
from the particle propagation stage into signals that mimic
those of a real experiment. This includes noise and effects
from discriminators and electronics. For some detector sys-
tems, the final electronics is not yet defined. In those cases,
the digitisation procedure is based on realistic assumptions.

In the reconstruction, the signals from the digitisation
stage are combined into tracks. The procedure is divided into
two steps: a local and a global part. In the local part, detec-
tor signals in a given tracking subdetector are combined into
tracklets. Furthermore, the signal information is converted
back to physical quantities such as position, energy deposit
and time. In the global reconstruction, the tracklets from dif-
ferent tracking detectors are combined into tracks. Differ-
ent algorithms are applied in the barrel part and the forward
part. The track finding is followed by track fitting using a
Kalman filter, where effects from different particle species
and materials are taken into account. PANDA simulations
thereby achieve a momentum resolution of about 1%.

At the particle identification stage, the information from
the dedicated PID detectors and the EMCs are associated with
a charged track based on the distance between the predicted
flight path and the hit position in the detector. Hits in the
EMC without a corresponding charged track are regarded as
neutral particles. The probabilities for various particle types
of the different subdetectors are then combined into an overall
probability of a given particle species.

The selection of events for partial or complete reaction
channels, referred to as Physics Analysis, is performed based
on the combined tracking, PID and calorimetry data using the
Rho package, an integrated part of PandaROOT. With Rho,
various constrained fits such as vertex fits, mass fits and tree
fits are available.
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4 Nucleon structure

Hadron structure observables provide a way to test QCD and
phenomenological approaches to the strong interaction in
the confinement domain. Electromagnetic probes are particu-
larly convenient and have been used extensively over the past
60 years. The structure is parameterised in terms of observ-
ables like form factors or structure functions.

Electromagnetic form factors (EMFFs) quantify the
hadron structure as a function of the four-momentum transfer
squared g2. At low energies, they probe distances of about
the size of a hadron. EMFFs are defined on the whole ¢
complex plane and for g> < 0, they are referred to as space-
like and for g% > 0 as time-like. Space-like EMFFs are real
functions of ¢2 and can be studied in elastic electron-hadron
scattering. Assuming one-photon exchange (OPE) being the
dominant process, protons and other spin-1/2 particles are
described by two EMFFs: the electric G £ (¢2) and the mag-
netic G y (¢?) form factor. In the so-called Breit frame, these
are the Fourier transforms of the charge and magnetisation
density, respectively. Time-like EMFFs are complex and can
be studied using different processes in different g2 regions.
In the following, we consider baryons, denoted B, B and
B;. For unstable baryons, the low-q2 (q2 < (Mg — MBZ)Z)
part of the time-like region is probed by Dalitz decays, i.e.
By — Byt™¢~. For the proton, the so-called unphysical
region (4ml2 < ¢> < (Mpy + Mpy)? = 4M12, with my
the mass of the lepton /) can be probed by the reaction
pp — 1€~ For all types of baryons, the high-¢ region
(q2 > (Mg + Mp»)?) can be accessed by BB < e¢Te ™. If
B1 = B, = B, then the form factors are direct, whereas if
By # B», transition form factors are obtained. Being ana-
lytic functions of ¢2, space-like and time-like form factors
are related by dispersion theory. The processes for studying
EMFFs at different g2 are summarised in Fig. 4.

Athigh energies, corresponding to distances much smaller
than the size of a hadron, individual building blocks are
resolved rather than the hadron as a whole. Here, the fac-
torisation theorem applies, stating that the interaction can be
factorised into a hard, reaction-specific but perturbative and
hence calculable part and a soft, reaction-universal and mea-
surable part. In the space-like region, probed by deep inelastic
lepton-hadron scattering, the structure is described by par-
ton distribution functions (PDFs) [50], generalised parton
distributions (GPDs) [51-57], transverse momentum depen-
dent parton distribution functions (TMDs) [58], and tran-
sition distribution amplitudes (TDAs) [59,60]. These non-
perturbative objects are complementary tools to explore the
structure of the nucleon at the partonic level. They extend the
information given by the EMFFs and provide more detailed
descriptions of the spatial and momentum distributions of the
constituent partons and the spin structure. In the time-like
region, they can be accessed experimentally in hard hadron-
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antihadron annihilations. Detailed studies to access 7N
TDAs at PANDA in the reactions pp — yn® — ete 7
and pp — J/¥n® — eTe n" have been presented in
Refs. [61,62]. For these measurements, as well as for the
TMD studies, the designed high luminosity of PANDA is
needed to accumulate reasonable statistics. The counterparts
of the GPDs in the annihilation processes are the generalized
distribution amplitudes (GDAs). They can be measured in
the hard exclusive processes pp — yy [63]and pp — yM
[64,65], where M could be a pseudo-scalar or vector meson
(e.g. 79, n, po, ¢). Cross section measurements as a func-
tion of s and ¢ that allow us to test the theoretical models are
expected to start in Phase Two of PANDA. In the following,
we focus on EMFFs, in line with the emphasis of Phase One.

4.1 State of the art

Elastic electron-proton scattering has been studied since the
1950s [66]. During the first decades, unpolarised electron—
nucleon scattering was analysed using the Rosenbluth sepa-
ration method [67]. Modern facilities, offering high-intensity
lepton beams and high-resolution detectors, gave rise to a
renewed interest in the field [68—70]. In particular, the polar-
isation transfer method [71] applied by the JLab-GEp col-
laboration (see [69,70] and references therein) revealed the
surprising result that the ratio Gg/Gy decreases almost
linearly with Q%> = —¢?2. This result is in contrast to pre-
vious measurements based on a Rosenbluth method using

e e
B B
Space-like
e B—->e B
'Q2 = q2 < 0 q2 = 0
By = Byy

Fig. 4 Processes for extracting EMFF in the space-like (left) and time-
like (right) regions. The low—q2 (42 < (Mg — Mp»)?) part of the
time-like region is studied by Dalitz decays, the unphysical region

2 = (mg—mgy)?

unpolarised elastic ep scattering which do not reveal such
a dependency. The correction of the unpolarised elastic ep
cross section by the two-photon exchange (TPE) contribution
has been suggested to solve this discrepancy [72]. The TPE
correction does not impact the polarization transfer extrac-
tion of Gg/Gp in a significant way. The large amount of
high-quality data inspired extensive activity also on the the-
ory side, from which we have learned about the importance
of vector dominance at low q2 [73,74].

Until recently, measurements in the time-like region have
not achieved precisions comparable to the corresponding
space-like data, partly because most eTe™ colliders have
been optimised in different ¢ regions [75,76]. In pp anni-
hilation experiments, the clean identification of e*e™ pairs
has been a challenge. Among the few experiments that so
far have provided a separation between G and Gy of the
proton, the results at overlapping energies disagree. The ratio
R = |GEgl/|G pm|, accessible from the final state angular dis-
tribution, has been measured below g> = 9 (GeV/c)? by
PS170 at LEAR [77], BABAR [78] and more recently by
BESIII [79-81] and CMD-3 [82]. The PS170 and BABAR
data differ up to 3o, while the BESIII and CMD-3 measure-
ments have large total uncertainties. In the limit |¢%| — oo,
the space-like and the time-like form factors should approach
the same value as a consequence of the Phragmén-Lindelof
theorem [83]. Experimentally, the onset of this scale has not
been established (see Ref. [76] for a recent review). In mea-
surements just below |¢%| = 20.25 (GeV/c)?, the time-like
magnetic form factor is about two times larger than the cor-

Unphysical region

pp > ete n®

q? = (mg;+mpg,)?
1

(4m2 < g% < (Mp1 + Mp)*) by pp — £7¢~7° and the high-|¢|
region (¢> > (M| + Mp2)*) by BB <> ete™
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responding space-like one. A recent analysis of BaBar data
above |g?| = 20.25 (GeV/c)?, indicates a decreasing differ-
ence, but the uncertainties are large [78].

In 2019, the BESIII collaboration measured the Born cross
section of the process eTe™ — pp and the proton EMFFs
at 22 centre-of-mass energy points from g = 4 (GeV/c)?
to q2 = 95 (GeV/c)2 with an improved accuracy [84],
comparable to data in the space-like region. Uncertainties
on the form factor ratio |Gg|/|G | better than 10% have
been achieved at different g2 values below 5 (GeV/c)?. The
BESIII data on the proton effective form factor confirm the
structures seen by the BABAR Collaboration. These struc-
tures are currently the subject of several theoretical studies
[85-87].

The PANDA experiment aims to improve the current sit-
uation of the time-like EMFFs by providing data in a large
kinematic region between 5.08 (GeV/c)? and ~ 30 (GeV/c)2.
Precisions in this region of at least a factor 3 better than
the current data, as well as measurements in the unphysical
region below 2M p)z, whereby M), is the mass of the pro-
ton, are called for to constrain the theoretical models and to
resolve the aforementioned issues.

4.2 Potential of phase one

The PANDA experiment in Phase One offers the oppor-
tunity to measure the proton form factor in the process
pp — £T4~, (L =e, ) overawide energy range, includ-
ing the high Pl region [88,89]. The pp — ™1~ reactions
can be studied for the first time. The interest for p p annihila-
tion into heavy leptons (1 and 7) has been discussed in sev-
eral theory studies [90-92]. In contrast to the pp — eTe™
process, the pp — uT ™ reaction has the advantage that
corrections due to final state radiation are expected to be
smaller. Measuring both channels should therefore allow the
formalism for radiative corrections to be tested.

Furthermore, the unphysical region of the proton EMFFs
can be accessed through the measurement of the pp —
et 70 process [93-95]. These measurements by PANDA
are unique and will provide the possibility to test models for
this process that contain EMFFs [96].

4.2.1 EMFFsin pp — ete™

A previous simulation study of the process pp — ete~
within the PandaROOT framework demonstrates the excel-
lent prospect of nucleon structure studies with the PANDA
design luminosity [88]. The simulations were performed
applying an integrated luminosity of 2 fb~! for each energy-
scan point and the full PANDA setup corresponding to the
conditions that are foreseen for Phase Three of PANDA. A
new, dedicated simulation study with the Phase One con-
ditions has recently been performed at g> = 5.08 and
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8.21 (GeV/c)? ( plab = 1.5 and 3.3 GeV/c, respectively).
The difficulty of the measurement is related to the hadronic
background, mostly annihilation with the subsequent produc-
tion of two charged pions. This reaction has a cross section
about five to six orders of magnitude larger than that of the
production of a lepton pair. In the energy scale of the PANDA
experiment, the mass of the electron is sufficiently close to
the pion mass for this to be an issue. Therefore, the signal and
the main background reactions have very similar kinematics.
The signal events are generated according to the differential
cross section parameterised in terms of proton EMFFs from
Ref. [97] with setting R = |GEg|/|Gp| = 1. The same event
selection criteria as in Ref. [88] were applied. The output of
the PID and tracking subdetectors as EMC, STT, MVD, and
barrel DIRC have been used to separate the signal from the
background. These resulted in signal efficiencies of 40% at
Plab = 1.5 GeV/c and 44% at piap = 3.3 GeV/e. The suppres-
sion factor of the main background process pp — 7 7~
was found to be of the order ~ 108. The proton form factors
|GEl, |Gpml, and their ratio R = |Gg|/|Gy| are extracted
from the electron angular distribution, after reconstruction
and efficiency correction. The proton effective form factor
|G¢| is extracted from the determined cross section of the
signal (o) integrated over the electron polar angle. The result-
ing precision for different ¢ is summarised in Table 1 and
shown in Fig. 5, together with existing experimental data.
Systematic uncertainties arise due background contamina-
tion and uncertainties in the luminosity measurement. These
effects can be quantified by MC simulations. From these we
conclude that the proton EMFFs can be measured with an
overall good precision and accuracy. At low g2, the signal
event yield is relatively large. However, at higher g2, the cross
section of the process reduces significantly which leads to a
smaller event yield and thus larger statistical uncertainties for
a given integrated luminosity. Previous studies show that the
efficiency at larger ¢ is sufficient for precise cross section
measurements [88].

4.2.2 EMFFsin pp — pntu~

An independent Monte Carlo simulation study of the pp —
wt ™ reaction has been carried out at g2 = 5.08 (GeV/c)?.
The di-muon channel provides a clean environment, where
radiative corrections from final state photon emissions are
reduced thanks to the larger mass of the muon. However in
case of muons, the suppression of the hadronic background
pp — mtm™ is more challenging. Muon identification is
mainly based on the information from the Muon System,
since other subdetectors show less separation power which
complicates the background separation considerably. Monte
Carlo samples of 10% events were generated for the back-
ground process pp — 7t ™. They were used for the deter-
mination of the background suppression factor and for the
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calculation of the pion contamination, which will remain in
the signal events after the application of all selection crite-
ria. The separation of the signal from the background has
been optimised through the use of multivariate classifica-
tion methods (Boosted Decision Trees). The event selection
is described in Ref. [89]. A background rejection factor of
1.2 x 107 was achieved, resulting in a signal-to-background
ratio of 1:8. The total signal efficiency is 31.5%. Due to
the insufficient background rejection, the pion contamina-
tion needs to be subtracted from the signal and the corre-
sponding angular distributions by Monte Carlo modelling
and subsequent subtraction. This has been taken into account
in our feasibility studies. The angular distributions from the
pion contamination are reconstructed with both the expected
magnitude and shape. The sensitivity of the EMFFs to the
shape was investigated and from that, the systematic uncer-
tainty was estimated. The ratio R, and consequently |G|
and |G|, were extracted from the angular distribution of
the muons after background subtraction and efficiency cor-
rection. The results are summarised in Fig. 5 and Table 1. The
uncertainty of the signal cross section is dominated by the
luminosity uncertainty. The simultaneous but independent
measurements of the effective EMFFs G¢; and G';ff from the
ete™ final state and the ™ 0~ final state, respectively, enable
a test of radiative corrections that are applied in the e*e™
channel. The expected uncertainty in the ratio G¢g/ Ge“ff is
estimated to be 3.2% already during Phase One. It should
be noted that although the uncertainties from radiative cor-
rections are not yet taken into account, these are expected to
contribute with only a small fraction to the total uncertainty.

4.2.3 EMFFsin pp — ete n°

Some information about the unphysical region can be
obtained from the pp — ete ¥ process, when studied
in different intervals of the pion angular distribution. In the
time-like region, the EMFFs are complex, hence they have a
relative phase. This phase is generally inaccessible for pro-
tons in an experiment with an unpolarised beam or target.
However, the cross section of pp — ete~7¥ channel can
provide some information, as outlined in Refs. [93,95].

The validity of the theoretical models used to describe
the cross section of the process pp — ete~m¥ needs to
be tested experimentally. Since PANDA has almost 47 cov-

erage, the measurement of the final state angular distribu-
tions in the processes pp — ete 7’ and pp — yn°
will provide a sensitive check of these models. The EMFFs
extracted at threshold via pp — ete 7% and pp — eTe™
or ete™ — pp can be compared and used as an additional
test. We note that the process yp — pe™e™ may give access
to the EMFFs of the proton in the unphysical region as well.
The feasibility to extract EMFFs from such challenging mea-
surements has so-far not been demonstrated as discussed in
theoretical studies in Refs. [108,109].

For an ideal detector (100% acceptance and efficiency)
and an integrated luminosity of 0.1 fb~!, the expected count
rate for this reaction for g> < 2 (GeV/c)? has been found to
be up to 107 events in different intervals of the pion angular
distribution [61,96]. This number is about a factor two larger
than the corresponding value for pp — ete™ at g> = 5.08
(GeV/c)?. The large expected count rate of pp — ete™ "
and the clean separation between this channel and back-
ground [96], indicate good prospects for EMFF measure-
ments in the unphysical region already in PANDA Phase
One. Full simulation studies to investigate the possibility to
extract the proton EMFFs in this region at PANDA are cur-
rently being carried out.

4.3 Impact and long-term perspective

The simulation studies presented in the previous sections
show that PANDA will improve the precision of the proton
EMFF measurements forq2 > 5.08(GeV/ ¢)2. The measure-
ment of the effective form factor can be extended to higher
|¢%| values in Phase Three of the experiment when the lumi-
nosity reaches its design value. This enables systematic com-
parisons of space-like and time-like EMFFs at large |¢2| and
hence, the onset of the convergence scale of the space-like
and time-like form factors may be deduced. Furthermore, the
foreseen PANDA studies of the pp — u*u™ are unique.
Since the effects from final state radiation are negligible for
muons, this channel provides an important cross check of
the pp — eTe™ results. Finally, in PANDA, the unphysical
region of the proton EMFF will be accessed for the first time
through the pp — ete~ 70 process.

In general, the relative phase between the electric and
the magnetic form factors is inaccessible in unpolarised
cross section measurements. To measure the phase, either

Table 1 Results from simulation studies of pp — eTe™ and pp — u*u~

q% 1 (GeV/c)? Reaction L/fb™! oo (%) or (%) 06, (%) oG,y (%)
5.08 Pp— ete” 0.1 5.2 42 3.3 32
8.21 Pp— ete” 0.1 5.2 26 21 5.9
5.08 Pp— ptu 0.1 5.0 21 14 6.9

@ Springer



184 Page 14 of 36

Eur. Phys. J. A (2021) 57:184

x [
L e PANDAMC study €e v CMD-3
2_— + PANDAMC studyp*u™ o BESII2015
Lo { 4 BaBar BESIII(SA-ISR)
- | PS170 BESIII(LA-ISR)
15 i L' l + BESIII2019
F N T
iR |
L i [
L RS “Tl """""""" O‘I‘ """" T """ o
B ¥ e
i Y
0.5 Tt t .
I I I R RPN IR R P I
4 5 6 7 8 9 10
o? [(GeV/cH]
(@)
o
o C ® PANDAMC study €€’
Lot + PANDAMC study
03 | + BESIII2019
AR
r ¢
0 I
" ¢
0.2+ i
[ 1
.
0.1+ '
i L4
: tf
L | 1 'y |
L ¢ ¢ I
N RN SN BTN BRI RUES SRR S

4 5 6 7 8 9 10

o? [(GeV/cH]
(c)

Fig. 5 Expected total precisions, indicated by the red and blue error
bars, on the determination of (a) the proton form factor ratio, (b) the
proton effective form factor, (¢) the proton electric form factor, and
(d) the proton magnetic form factor, from the present simulations for
PANDA Phase One as a function of ¢2. Also shown are data from PS170

a polarised antiproton beam and/or a polarised proton target
is required. The feasibility of implementing a transversely
polarised proton target in the PANDA detector is under inves-
tigation. If feasible, the PANDA experiment will offer a first
direct measurement of the relative phase between Gg and
Gu.

In the next stages of PANDA, we will be able to extend
our studies to the hard exclusive processes and perform com-
plementary measurements of the nucleon structure objects.
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[77], BaBar [78,98], BESIII [79-81,84], CMD-3 [82], E835 [99,100],
Fenice [101], E760 [102], DM1 [103], DM2 [104,105], CLEO [106],
and ADONE73 [107]. The results indicated by PANDA MC study are
based on an integrated luminosity of 0.1 fb~! for each point in g2

5 Physics with strangeness

The key question in hyperon physics is “What happens if you
replace one (or several) light quark(s) in the nucleon with
one (or several) heavier one(s)?”. Strangeness serves as a
diagnostic tool for various phenomena in subatomic physics:

1. Hyperons provide a new angle to the structure and excita-
tions of the nucleon, since the strange quark is sufficiently
light to relate the knowledge about hyperons to nucleons
and vice versa.

2. Hyperon decays, where the spin is experimentally acces-
sible, provide an ideal testing ground for CP violation
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and thereby searches for physics beyond the SM at the
precision frontier. Furthermore, it can give clues about
Baryogenesis [25].

3. Inhypernuclei, strangeness provides an additional degree
of freedom which plays a key role in understanding e.g.
neutron stars [110].

4. Enhancement of strangeness in relativistic heavy-ion col-
lisions was one of the first proposed signals of Quark-
Gluon Plasma [111].

Number 1 will be explored with PANDA Phase One within
the subtopics hyperon production and hyperon spectroscopy.
Number 2, i.e. hyperon decays will be studied extensively in
Phases Two and Three. However, a good understanding of
the production mechanism has proven crucial to decay mea-
surements [112] and the planned hyperon production studies
within Phase One are therefore an important milestone in the
search for CP violation in baryon decays. Number 3 will be
investigated during Phases Two and Three within our pro-
gramme for hadrons in nuclei. Number 4 is currently studied
at ALICE [113] and is not within the scope of PANDA. How-
ever, precision studies of strangeness production in elemen-
tary p p reactions contribute to a more general understanding
of strangeness production, which can be useful also in more
complex reactions at higher energies. The same is true for the
planned studies of hyperon-antihyperon pair production in
pN reactions. These will provide information on absorption
and rescattering of hyperons as well as antihyperons under
well-defined conditions in cold nuclei. In this chapter, we
discuss the subtopics hyperon production and hyperon spec-
troscopy in the context of what can be achieved at Phase One.
In Sect. 7.1 we also discuss anti-strange hadrons in nuclei.

5.1 Hyperon production

The scale probed in a hadronic reaction is influenced by the
energy and, therefore, by the mass of the produced quarks.
The strange quark mass is mg ~ 100 MeV/c? which corre-
sponds to the scale where quarks and gluons form hadrons.
Therefore, the relevant degrees of freedom are unclear -
quarks and gluons, or hadrons? It is challenging to solve
QCD in this energy regime. Guidance by experimental data
is needed to improve the theory such that quantitative predic-
tions can be accurately tested. As an intermediate step phe-
nomenological models are developed which are constrained
by experimental data. Exclusive hyperon-antihyperon pro-
duction provides the cleanest environment to constrain these
models. Phenomenological models based on quark-gluon
degrees of freedom [114—118], meson exchange [119-123]
and a combination of the two [124] have been developed
for single-strange hyperons. The quark-gluon approach and
the meson exchange approach have also been extended to the
multi-strange sector [ 125—-129]. Here, the interaction requires

either annihilation of two quark-antiquark pairs, or in the
meson picture, exchange of two kaons. This means that the
interactions occur at shorter distances which make double-
strange production more suitable for establishing the rele-
vant degrees of freedom. The clearest difference between
the quark-gluon picture and the kaon exchange picture is
typically found in the predictions of spin observables e.g.
polarisation and spin correlations.

Understanding the mechanism of hyperon production is
also important in order to correctly interpret experimental
data on other aspects of hyperons. One example is that of the
recent theoretical and experimental studies of the hyperon
structure in ete™ — AA. In Ref. [130], the time-like form
factors G and G were predicted, including their relative
phase A® = @(Gg) — ®(Gy) that manifests itself in a
polarised final state. Different potential models were applied,
using pp — AA data from PS185 [131-134] as input. In
the model predictions for the channel ete™ — AA, the total
cross section and the form factor ratio R = |G g/ G | differ
very little for different potentials. However, the relative phase
A® and hence the A polarisation showed large sensitivity.
New data from BESIII [135] provide an independent test of
the A A potentials. Another example is hyperons and antihy-
perons in atomic nuclei, since understanding the elementary
pp — YY reactions is crucial in order to correctly interpret
data from p A collisions.

Spin observables are straight-forward to measure for
ground-state hyperons thanks to their weak, self-analysing
decays. This means that the decay products are preferen-
tially emitted along the spin direction of the parent hadron.
Consider a spin % hyperon Y decaying into a spin % baryon
B and a pseudoscalar meson M. The angular distribution of
the daughter baryon B is related to the hyperon polarisation
by

1
I(cos93)=4—(l+ayPy00593) )
T

as illustrated in Fig. 6a, where ay [5] is the asymmetry
parameter of the hyperon decay related to the interference
between the parity conserving and the parity violating decay
amplitudes. The polarisation Py is related to the production
dynamics, hence it depends on the centre-of-mass (CMS)
energy / beam momentum and on the hyperon scattering
angle. In strong production processes, such as pp — YV,
with unpolarised beam and target, the polarisation can be
non-zero normal to the production plane, spanned by the
incoming antiproton beam and the outgoing antihyperon as
shown in Fig. 6b. Spin correlations between the produced
hyperon and antihyperon are also accessible [136] and from
these, the singlet fraction can be calculated, i.e. the fraction
of the hyperon—antihyperon pairs that are produced in a spin
singlet state. Additional information can be obtained from
hyperons that decay into other hyperons, e.g. the &. In the
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Fig. 6 (a) The A decay frame.
The opening angle between the
polarisation axis and the
outgoing proton ), is shown. (b)
Production plane of the

Pp — AA reaction. The y-axis
of the A decay frame is
perpendicular to the production
plane. The z-axis is in the
direction of the outgoing A with

respect to origin in the
centre-of-mass frame

sequential decay &~ — Amr~, A — pm~, the additional
asymmetry parameters 8 and y of the &~ hyperon are acces-
sible via the joint angular distribution of the A hyperons and
the protons [137,138]. For spin % hyperons, e.g. the 27,
the spin structure is more complicated. Only considering the
polarisation parameters of individual spin % hyperons, we
find that spin % hyperons produced in strong processes like

pp — 272~ have seven non-zero polarisation parameters.
Three of these can be extracted from the A angular distribu-
tion in the 2~ — AK™ decay [139]. The remaining four
parameters can be obtained by studying the joint angular dis-
tribution 7 (04, ¢4, 0, ¢p) of the A hyperons from the £2~
decay and the protons from the subsequent A decay [138].

5.1.1 State of the art

The PS185 collaboration has provided a large set of high-
quality data on single-strange hyperons [131-134,140] pro-
duced in antiproton—proton annihilation. One interesting
finding is that the AA pair is produced almost exclusively
in a spin triplet state. This can be explained by the A quark
structure: the light # and d quarks are in a relative spin-
0 state, which means that the spin of the A is carried by
the s quark. Various theoretical investigations reproduce this
finding [114-124], but no model has yet been formulated
to describe the complete spin structure of the reaction. The
extension of models into the double-strange sector [125-128]
and even the triple-strange §2 [129], have not been tested due
to the lack of data. For £~ and £° from pp annihilations,
only a few bubble-chamber events exist [141,142], whereas
no data at all are available related to triple-strange hyperon
production since no studies have been carried out so far. As
a result, further progress of this field is still pending. New
data on the spin structure of pp — YY for ground-state
multi-strange and single-charmed hyperons would therefore
be immensely important for the development of a coherent
picture of the role of spin in strangeness production.

5.1.2 Potential of phase one

Previous studies of mainly single-, but also a few double
strange hyperon—antihyperon pairs produced in antiproton—
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(b)

proton annihilations show remarkably large cross sections
within the PANDA energy range [ 140]. This means that large
hyperon data samples can be collected within a reasonable
time even with the reduced luminosity of the Phase One setup.
Simulation studies of exclusive hyperon production, using
a simplified Monte Carlo framework, were performed and
presented in detail in Refs. [139,143,144,146]. New, ded-
icated simulation studies of hyperon production have been
performed for this review:

- Pp = AAA = prt A — prT at ppeam = 1.64
GeV/ec.

- pp — 04,50 & Ay, A — prt, A — prn~ at
Pheam = 1.77 GeV/e and pream = 6.0 GeVie.

- pp — EtE- Bt > Ant. A — prt, BT —
An~, A — pr~ at ppeam = 4.6 GeV/c and ppeam =
7.0 GeV/c.

The beam momenta for the single-strange hyperons were
chosen in order to coincide with those of other bench-
mark studies. For the double-strange & ~, the chosen beam
momenta coincide with the hyperon spectroscopy campaign
(4.6 GeV/c, see Sect. 5.2) and the x.1(3872) line-shape cam-
paign (7 GeV/e, see Sect. 6.2.2). In these new simulation
studies, a realistic PandaROOT implementation of the Phase
One conditions was used, though with some simplifications
due to current limitation in the simulation software: (i) ideal
pattern recognition, with some additional criteria on the num-
ber of hits per track in order to mimic a realistic implemen-
tation of the track reconstruction ii) ideal PID matching, to
reduce the run-time. It was however shown in Ref. [139] that
the event selection can be performed without PID thanks to
the distinct topology of hyperon events: since the hyperons
have relatively long life-time (10710 s) they travel a measur-
able distance before decaying. This provides a challenge in
the tracking but also makes the background reduction very
efficient.

Around 10° events were generated for AA and £ &
[145,146], whereas 10* events for X9 A [147]. The larger

o

event samples in the AA and 5+ &~ cases enable studies of
spin observables. In the case of 304, only a general feasibil-
ity study of cross section and angular distribution measure-



Eur. Phys. J. A (2021) 57:184

Page 17 of 36 184

Table 2 Results from simulation studies of the various hyperon production channels

Py Reaction o (ub) Reconstruction Decay S/B Rate (s~ 1)
(GeV/c) efficiency (%) at 103 em—2s~!
1.64 pp — AA 64.0 [131-134] 15.7 A — pr~ 114 44

1.77 Pp — %4 10.9 [131-134] 53 30 Ay >11* 24

6.0 Pp — %4 20.0 [148] 6.1 30 5 Ay 21 5.0

4.6 pp—> & E- 1.0 [129] 8.2 8- — An~ 274 0.3

7.0 pp— E B~ 0.3 [129] 7.9 E- - An~ 165 0.1

4.6 Pp— AKTE~ +cc 1 5.4 E- > An~ > 19% 0.2

A — pw~

The efficiencies are exclusive, i.e. all final state particles are reconstructed. The lower limits marked with an asterisk () denote a 90% confidence

level

ments has been carried out so far. The AA and X°A final
states were modelled using parameterisations based on data
from Refs. [131-134,148], where it was found that single-
strange antihyperons are very strongly forward-going in the
CMS of the reaction. The £ &~ final state has never been
studied and was therefore generated both with an isotropic
angular distribution and with a forward-peaking distribution.
The results were found to differ only marginally.

The particles were propagated through the PandaROOT
detector implementation and the signals were digitised,
reconstructed and analysed. The signal events were selected
by requiring all stable (p, p and y) or pseudo-stable (7 + and
7 ™) particles to be found:

- AA:p,w~, pand .
- X% p, =, p,t and .
ETE~:p,2x~, pand 27T,

[ A=

To reduce the number of background photon signals, addi-
tional energy cuts were applied to identify the photon from
the X0 decay [147]. The A and A, that appear in all channels,
were identified by combining the reconstructed pions and
protons/antiprotons and applying vertex fits and mass win-
dow criteria on the combinations. Furthermore, the decay ver-
tex of the A/ A was required to be displaced with a certain dis-
tance from the interaction point. To identify X% or £~ /&,
the A/A candidates were combined with the photons or
remaining pions. In the case of AA and £°A final states,
four-momentum conservation was applied using kinematic
fits constraining the momenta and total energy of the final-
state particles with the initial antiproton—proton momenta
and energy to further reduce the background. Since the &~
decays sequentially, a more elaborate method including a
decay tree fitter was applied [145,146].

The resulting signal efficiencies are given in Table 2,
that also includes the results from the Z* study described
in Sect. 5.2.2. The expected rates of reconstructed events

are calculated based on the Phase One luminosity of
1031em=2s~! and cross sections from Refs. [131-134,148]
(AA and £°A) and Ref. [129] (T & 7). The signal-to-
background ratios (S/B) were obtained by simulating 10’
events at each energy, generated with the Dual Parton Model
[47].

In this work, we have also investigated the feasibility of
reconstructing spin observables such as the polarisation and
spin correlations using the methods outlined in Ref. [139].
For the analysis, the pp — AA, A — prt, A — prn~
sample was used, containing 157000 signal events surviving
the selection criteria. A sample of this size can be collected
within a few hours with the Phase One luminosity. The simu-
lated events were weighted according to an input polarisation
function Py = sin26, and the spin correlation distributions
Cij =sinf, (i, j = x,y,z). Symmetry implies Py = -Py
which means that the extracted polarisation from A and A
can be combined for better statistical precision.

The reconstruction efficiency was accounted for using two
different, independent methods: i) regular, multi-dimensional
acceptance correction as in Ref. [144] and ii) using the
acceptance-independent method outlined in Ref. [139]. The
results of the MC simulations were divided into bins with
respect to the A scattering angle. In each bin, the polarisa-
tion Py and spin correlations C;; were reconstructed. The
resulting polarisation distribution is shown in panel a) of
Fig. 7 with acceptance corrections and in panel b) with the
acceptance-independent method. The polarisation distribu-
tions extracted with the two independent methods agree with
each other as well as with the input functions.

In the same way, spin observables of the &~ hyperons
were studied at both 4.6 GeV/c and 7.0 GeV/c. The number
of signal events were 7.2 - 10* and 6.7 - 10*, respectively,
samples that can be collected within a few days during Phase
One. The resulting polarisation distributions as a function
of cos 6z obtained at each energy are shown in Fig. 8. The
singlet fractions were calculated from the spin correlations
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Fig. 7 (a) Average polarisation of the A/ A. (b) Average of the polar-
isations reconstructed without any acceptance correction. The vertical
error bars are statistical uncertainties only correspong to a few days of
data taking. The horizontal bars are the bin widths. The red solid line
marks the input polarisation as a function of cos 64

and are shown in Fig. 9. A singlet fraction of 0 means that all
E~ET states are produced in a spin triplet state, a fraction
of 1 means they are all in a singlet state, and a fraction of 0.25
means the spins are completely uncorrelated. In Ref. [128],
the singlet fraction is predicted to be O for forward-going &+
and closer to 1 in the backward region. This is in contrast to
the single-strange case where the singlet fraction is almost
independent of the scattering angle [140]. The results of the
simulations shown in Fig. 9 indicate that the uncertainties
in the singlet fraction will be modest at all scattering angles,
which enables a precise test of the prediction from Ref. [128].

Most systematic effects that are important in cross sec-
tion measurements, e.g. trigger efficiencies and luminosity,
are expected to be isotropically distributed in a near 4w
experiment like PANDA. This means that their impact on
angular distributions, and parameters extracted from these,
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Fig. 8 (a) Average polarisation of the £~/ 5+ at 4.6 GeV/c. (b) Aver-
age of the polarisation of 5~ /&% at 7.0 GeV/c. The vertical error bars
are statistical uncertainties only corresponding to a few days of data
taking. The horizontal bars are the bin widths. The red solid line marks
the input polarisation as a function of cos 0z

are expected to be small. Hyperon polarisation studies with
BESIII (e.g. [135]) instead indicate that imperfections in the
Monte Carlo description of the data, due to for example gain
drift in HV supplies, may be more important. Most of these
effects can however only be studied once PANDA is oper-
ational and by careful Monte Carlo modelling, they can be
minimised. In the simulation studies presented here, three
basic consistency tests have been performed in order to reveal
eventual sensitivity to detection- and reconstruction artefacts:
(i) comparison between generated and reconstructed distri-
butions that are efficiency corrected (ii) comparison between
extracted hyperon and antihyperon parameters (iii) compari-
son between two different efficiency correction methods. All
three tests show differences that are negligible with respect
to the small statistical uncertainties.
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5.2 Hyperon spectroscopy

Baryon spectroscopy has been decisive in the development of
our understanding of the microscopic world, the best exam-
ple being the plethora of new states discovered in the 1950’s
and 1960’s. It was found that these states could be organ-
ised according to “the Eightfold Way”, i.e. SU(3) flavour
symmetry, that led to formulation of the quark model by
Gell-Mann and Zweig [149—-151]. Though successful in clas-
sifying ground-state baryons and describing some of their
ground-state properties, the quark model fails to explain some
features of the baryon excitation spectra. This indicates that
the underlying picture is more complicated. In contemporary
baryon spectroscopy, the most intriguing questions are (i)
Which effective degrees of freedom are adequate to describe
the hadronic reaction dynamics? Which baryonic excitations
are efficiently and well described in a three-quark picture and
which are generated by coupled-channel effects of hadronic
interactions? (ii) To which extent does the excitation spectra
of baryons consisting of u, d, s obey SU(3) flavour symme-
try? (iii) Are there exotic baryon states, e.g. pentaquarks or
dibaryons?

Among the theoretical tools available to study the spectra
and internal properties of baryons, lattice QCD approaches
have received a lot of attention thanks to the tremendous
progress over the past years. Prominent examples are the
mass prediction of the double charm ground state = baryon
[152—157], now confirmed by LHCDb [158], and accurate lat-
tice calculations of the mass splitting of the neutron and pro-
ton [159].

However, for the excited states in the light-baryon sec-
tor differences between recent calculations [160, 161] remain
and unambiguous conclusions cannot yet be drawn. Other
approaches to baryon excitation spectra are based on the
Dyson—Schwinger framework [162], on the coupled-channel
chiral Lagrangian [163—166], and on the AdS/QCD approach
[167-169].

The next step is systematic studies of the strange sector,
in particular states with double and triple strangeness. These
bridge the gap between the highly relativistic light quarks
and the less relativistic heavy ones.

5.2.1 State of the art

So far, worldwide experimental efforts in baryon spec-
troscopy have been focused on N* and A resonances. Most of
the known states have masses smaller than 2 GeV/c? and were
discovered in N scattering experiments. In recent years,
many laboratories (JLab, ELSA, MAMI, GRAAL, Spring-8
etc) have studied these resonances in photon-induced reac-
tions [170,171]. As a result, the data bank on nucleon and
A spectra has become significantly bigger and a lot has been

learned. However, there are several puzzles that remain to be
resolved.

One example is the so-called missing resonance prob-
lem of Constituent Quark Models (CQMs): many states that
are expected from these phenomenological-driven models
have not been observed experimentally. This is in contrast
to the Dyson—Schwinger approach whose predictions agree
almost one-to-one with the experimentally measured light
baryon spectra below 2 GeV/c? [172,173]. This observation
demonstrates the shortcomings of CQMs, thereby motivat-
ing the necessity to experimentally establish the spectra of
excited baryons. For a successful campaign, an experimen-
tal approach is needed in which these states are searched for
and their properties are studied using various complementary
initial probes such as 7 N, y N, and, with PANDA, pN.

Another example of an unresolved conundrum is the level
ordering: The lightest baryon, i.e the nucleon, has J P — %+
and the next-to-lightest baryon is expected to be its parity
partner, with J P — %_. However, this is in contrast to exper-
imental findings where the Roper N*(1440) resonance, with
JP = 17 is significantly lighter than the lightest J” = 1~
state, i.e. the N*(1535).

A new angle to the aforementioned puzzles can be pro-
vided by studying how they carry over to strange baryons.
In the single-strange sector, the missing CQM resonance
problem remains. Regarding the level-ordering, the situation
is very different regarding light baryons: the parity partner
of the lightest A hyperon is the A(1405) which is indeed
the next-to-lightest isosinglet hyperon [174]. However, the
A(1405) is very light, and, therefore, it has been suggested
to be a molecular state, see e.g. Ref. [175-177]. The existing
world data on double- and triple-strange baryons are very
scarce and do not allow for the kind of systematic compar-
isons with theory predictions that led to progress in the light
and single-strange sector. Only one excited = state and no
excited £2 states are considered well established within the
PDG classification scheme [5]. It is also worth pointing out
that even for the ground state = and 2, the parity has not
been determined experimentally. Furthermore, the spin deter-
mination of the £2 is not model-independent but inferred by
assumptions on the &, and 2. spin [178]. It would be very
illuminating to study the features of the double- and triple-
strange hyperon spectra since it enables a systematic com-
parison of systems containing different strangeness.

5.2.2 Potential for phase one

A dedicated simulation study has been performed of the
pp — AK -zt + c.c. reaction at a beam momentum of
4.6 GeV/c. In the following, the inclusion of the charge con-
jugate channel is implicit. In spectroscopy, parameters like
mass, widths and Dalitz plots are essential. Therefore, the
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Fig. 9 Reconstructed Singlet Fraction Fg at (a) ppeam = 4.6 GeV/c
and (b) ppeam = 7.0 GeV/c. The vertical error bars correspond to sta-
tistical uncertainties and reflect the precision after a few days of data
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Fig. 10 A schematic view of the reaction topology used for the gener-
ation of Monte Carlo events

focus of this study is to estimate how well such parameters
can be measured with PANDA. The simulated data sample of
4.5-10° events includes the = (1690)* and = (1820)* reso-
nances, decaying into AK ™~ +c.c. (each 40% of the total gen-
erated events), as well as non-resonant AK 2" +cc. pro-
duction (20% of the generated sample). The simulated widths
of the 5 (1690)~ and & (1820)~ resonances were 30 MeV/c?
and 24 MeV/c?, respectively, in line with the PDG [5]. The
event generation was performed using EvtGen [179] with
the reaction topology as illustrated in Fig. 10. The angular
distribution of the produced Z* resonance are isotropically
generated since no information from experimental data exist.
Further technical details related to the simulation study can
be found in Ref. [180].

The analysis was performed in the same way as described
in Sect. 5.1.2. The final state is required to contain p, p,
7=, 7", K~ and KT. The A candidates were identified by
combining p and 7~ into a common vertex and applying a
mass window criterion. The &~ (&™) hyperons were iden-
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taking. The red curves are the input Singlet Fraction. The dashed line
indicates values corresponding to a statistical mixture of singlet and
triplet final states

tified by combining A candidates with the remaining pions
(kaons). Background was further suppressed by a decay tree
fit in the same way as in Sect. 5.1.2. The exclusive recon-
struction efficiency was found to be 5.4%. We assume a
pp — AKE +c.c. cross section of 1 b, where the produc-
tion mainly occurs through a Z~ EZ* + c.c. pair and where
the excited cascade could be either Z*(1690) or Z*(1820).
With this assumption, the reconstruction rate is 0.2 s—or
18000 events per day. These cross sections have never been
measured and assumed of the same order as the ground-state
E+E~ [181] that was measured by Ref. [141,142] to be
around 1 ub.

The background was studied using a DPM sample contain-
ing 108 events and the signal events were weighted assuming
atotal cross section of 50 mb. No background events survived
the selection criteria and we therefore conclude that on a 90%
confidence level, the signal-to-backgroundis S/B > 19.The
numbers are summarised in Table 2.

The reconstructed Dalitz plotand AK ~ invariant mass are
shown in Fig. 11. The reconstruction efficiency distribution
is flat with respect to the Dalitz plot variables and the angles.
This is a necessary condition in order to minimise systematic
effects in the planned partial-wave analysis of this final state.

In order to evaluate the = and 5 resonance parame-
ters, the AK~ and AK™ mass distributions have been fit-
ted with two Voigt functions combined with a polynomial.
By comparing the reconstructed AK ~ and AK* widths to
the generated ones, the mass resolution was estimated to
om = 4.0MeV/c? forthe 5 (1690)~ andoy = 6.7 MeV /c?
for the & (1820)~.

The obtained fit values are shown in Table 3. In both
cases, the fitted masses are in good agreement with the input
values.
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Table 3 Fit values for A K~ and A K+

AK™

Z (1690)~

Z (1820)~

Q| | |

K+
(1690)* F (1820)*"

Fitted mass [GeV/c?] 1.6902 £ 0.0006

1.8236 £ 0.0003

1.6905 £ 0.0006 1.8234 4 0.0003

Fitted I" [MeV] 31.09 £ 1.9 23.0+2.0 31.8+ 1.8 242+ 1.8
Input mass [GeV/c?] 1.6900 1.8230 1.6900 1.8230
Input I" [MeV] 30 24 30 24
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Fig. 11 (a) Thereconstructed Dalitz plot of the A K ~Z" final state.(b)
The AK ™~ invariant mass of the reconstructed MC data
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5.3 Impact and long-term perspective

PANDA will be a strangeness factory where many differ-
ent aspects of hyperon physics can be studied. Double- and
triple strange hyperons are unknown territory both when it
comes to production dynamics, spin observables and spec-
troscopy. Long-standing questions, such as relevant degrees
of freedom and quark structure, can be investigated already
during the first years with reduced detector setup and lumi-
nosity. Furthermore, the measurements in Phase One provide
important milestones for the foreseen precision tests of CP
conservation, that will be carried out when the design lumi-
nosity and the full PANDA setup are available in the subse-
quent Phase Two and Three. In the latter, copious amounts

of weak, two-body hyperon decays will be recorded - sev-
eral million exclusively reconstructed A A pairs every hour.
This enables precise measurements of the decay asymmetry
parameters. In the absence of CP violation, the asymmetry
parameters of a hyperon have the same magnitude but the
opposite sign of those of the antihyperon, e.g. « = —a. Dif-
ferences in the decay asymmetry therefore indicate violation
of CP symmetry. The pp — Y'Y reaction provides a clean
test of CP violation, since the initial state is a CP eigenstate
and no mixing between the baryon and antibaryon is expected
to occur. Since hyperons and antihyperons can be produced
and detected at the same rate and in very large amounts, the
prospects are excellent for ground-breaking symmetry tests
that could help us to understand the matter-antimatter asym-
metry of the Universe. With the PS185 experiment at LEAR,
the CP symmetry in pp — AA was studied and a sensitiv-
ity of 1072 was reached [131-134]. This measurement was
based upon ~ 103 reconstructed events which statistics can
be obtained in Phase One of PANDA within only a few hours
of beam time. The perspective of such an asymmetry mea-
surement in Phase Three with a ten times higher luminosity
is, therefore, very promising. In addition, Phase Three opens
up the possibility to study also single-charm hyperons. A sys-
tematic comparison between the strange and the charm sector
will be an important step towards a coherent understanding
of non-perturbative QCD at different scales.

6 Charm and exotics

The original constituent quark model (CQM) describes
mesons and baryons. In CQM, mesons are described as
quark-antiquark states (¢¢g) interacting through a potential.
One of the motivations for this description was the non-
observation of mesons with strangeness or charge larger
than unity, neither had states been observed with other spin
and parity combinations than those consistent with fermion-
antifermion pairs. However, QCD allows for any colour-
neutral combination of strongly interacting quarks and glu-
ons and therefore, CQM-based models can be extended to
incorporate the dynamics of glueballs, hybrids and multi-
quarks. These states are often referred to as QCD exotics.
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Glueballs (gg or ggg) are formed due to the self-coupling
of the colour-charged gluons. This feature of the strong inter-
action is of particular interest since the glueball mass has no
contribution from the Higgs mechanism. Instead, it is com-
pletely dynamically generated by the strong interaction. Most
glueballs predicted by QCD or phenomenological models
have the same quantum numbers as mesons and hence they
can mix. As a consequence, it is a challenge to unambigu-
ously determine the glueball fraction of an observed hadronic
state.

In addition to glueballs, there are meson- or baryon-like
states for which QCD admits a gluonic component called
hybrids, e.g. gqgg. Hybrids can, in addition to the spin-
parity combinations allowed for regular hadrons, also have
spin-exotic quantum numbers. To establish the existence of
hybrids experimentally, the decomposition of quantum num-
bers requires sophisticated partial-wave analysis (PWA) tools
and large data samples.

Also other colourless combinations of multiquark reso-
nances are allowed within QCD. The study of multiquarks
has experienced tremendous progress during the last decade.
Examples of multiquark states are fetraquarks (qqqq) or pen-
taquarks (qqqqq). However, many open questions remain, in
particular about the internal structure of the observed states.
Precision measurements of various resonance properties are
needed, as well as ab-initio theoretical predictions, in order
to reach deeper insights about the structure of multiquark
states.

The search for exotic hadrons is being carried out at sev-
eral energy scales, from the light # and d scale to the bot-
tom quark scale. A fundamental question to be answered
concerns the relevant degrees of freedom - should excited
light hadrons be described in terms of quarks and gluons, or
are various dynamical effects, e.g. at meson pair thresholds,
more important? In the light quark sector, many resonances
are broad and overlap in mass. This means that they mix if
they have the same quantum numbers. The advantage of the
light sector is that the production cross sections are generally
large, allowing for large data samples to be collected within
a short time. This is an advantage when determining spin and
parity through partial-wave analyses.

The physics of hidden-charm states, such as charmonium,
is expected to be very different due to the higher mass of
the charm quark (m. >~ 1.2 GeV/c? > Aqcp). The strong
coupling constant in this region is «; ~ 0.3, correspond-
ing to an energy scale below the region in which perturba-
tion theory starts to break down. At these energies, quark
and gluon degrees of freedom become relevant. The velocity
of the charm quark is relatively small, (v/c)> ~0.3. Sys-
tems with charm can be partly described in a non-relativistic
framework with relativistic effects added perturbatively, such
as spin-spin and spin-orbit coupling [183]. One of the inter-
esting questions is how large are the relativistic corrections
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actually. The structure of a separated energy scale (m. >
mev/c > me(v/c)?) makes heavy-quark systems, such as
charmonium, ideal probes to study the transition between
perturbative and non-perturbative regimes [184, 185].

Meson-like systems composed of heavy and light con-
stituent quarks, such as open-charm states, are complemen-
tary to that of hidden-charm meson-like states. Also here,
various striking experimental observations have been made
in the past [187,188] pointing to the possible existence of
narrow resonances that do not fit into the conventional heavy-
light meson pattern. A recent example is the intriguing obser-
vation of LHCDb, speculating the existence of an open-charm
tetraquark with a mass around 2.9 GeV/c? [182]. Besides
spectroscopy aspects, ground-state open-charm states decay
weakly, providing access to, e.g., semi-leptonic form factors.
The field of open-charm spectroscopy and electro-weak pro-
cesses will become accessible in the later stages of PANDA,
beyond that of Phase One. Its success depends on the com-
pletion of the vertex reconstruction capabilities of PANDA
and higher luminosities for excellent statistical significance.
Differential cross section measurements will be accessible in
Phase One, which allows for unique studies of the produc-
tion mechanism of pairs of open-charm mesons and baryons
in antiproton-proton collisions. Such measurements have the
potential to study the intrinsic charm content of the nucleon
and, thereby, shed light on the recently predicted nonvan-
ishing asymmetric charm-anticharm sea from lattice QCD
[186].

In the following, we discuss the Phase One perspectives
of the meson-like spectroscopy programme of PANDA at
various mass scales, starting from the light-quark sector to
the hidden-charm region.

6.1 Light exotics
6.1.1 State of the art

Lattice QCD calculations have resulted in detailed predic-
tions for the glueball mass spectrum in the quenched approx-
imation and more exploratory results in unquenched sim-
ulations [189-192]. There is consensus that the ground-
state is a scalar (JP¢ = 07%) in the mass range of
about 1600 MeV /c? which leads to mixing with nearby ¢g
states [193—197]. Mixing scenarios include e.g. the observed
fo(1370), fo(1500) and fp(1710). Detailed experimental
studies of their decay patterns, carried out mainly in antipro-
ton annihilation experiments at CERN (Crystal Barrel and
OBELIX at LEAR) [198-215] and at Fermilab (E760 and
E835) [216,217], confirm this picture. A pseudoscalar glue-
ball is predicted by lattice QCD above 2 GeV/c2. The much
lighter n(1440) has been suggested as a candidate, thoughitis
unclear whether this is one single resonance or two (1(1405)
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and n(1475)) [5]. The possible existence of a n(1275) com-
plicates the picture further [218].

The lightest tensor (JF¢ = 27%) glueball is predicted
in the mass range from 2 to 2.5GeV/c? [193-197]. The
possible mixing of two nonets (*P; and 3F>) results in
five expected isoscalar states. The JETSET collaboration at
LEAR has reported a tensor component in the mass range
around 2.2 GeV/c? in the pp — ¢¢ reaction [219]. How-
ever, due to the limited size of the data sample, no firm con-
clusions could be drawn.

In the vicinity of meson-pair production thresholds, nar-
row meson-like excitations can appear. Prominent examples
in the light quark sector are the ag (980) and the f,(980) scalar
mesons. These states are strongly attracted by the K K thresh-
old and are believed to have a large K K component. The nar-
row vector meson ¢ (2170), discovered by BaBar [220-222],
is particularly interesting in this context. It does not fit into
the gg model, it is comparatively narrow (=~ 83 MeV) and the
mass is close to the ¢ f(980) threshold. It is debated whether
the ¢(2170) is an ss tetraquark or hybrid state [223,224].
Close to the K*K threshold, the COMPASS collaboration
discovered a relatively narrow (I” & 153 MeV) axial-vector
meson, the a1(1420) [225]. It has been interpreted as the
isospin partner of the established f1(1420) [226]. The lat-
ter can be attributed a molecular-type K K7 component
[227,228], opening up for a possibility that also the aj (1420)
is a molecular-type state. The first coupled-channel calcula-
tion related to a potential axial-vector molecule state origi-
nates from [229]. There are further interpretations proposed
such a triangle singularity from rescattering of the a; (1260)
[230]. There has been significant progress in recent years in
lattice scattering and coupled channel calculations including
in the light meson sector [231-233].

Several experiments have reported large intensities in the
spin-exotic 1™ wave, referred to as 71 (1400), 1 (1600) and
1(2015) [234]. Whereas the resonant nature of the 771 (1400)
and the 71(2015) is disputed, the 71 (1600) is currently the
strongest light hybrid candidate, recently re-addressed in
COMPASS data [235-238]. This implies the existence of
so far undiscovered nonet partners.

6.1.2 Potential for phase one

In the search for exotic hadrons, the gluon-rich environment
and the access to all gg-like quantum numbers in formation,
give PANDA a unique advantage compared to eTe™ exper-
iments. Furthermore, states with non-gg quantum numbers
can be accessed in production.

The reaction pp — ¢¢ is considered suitable for ten-
sor glueball searches, since the production via intermediate
conventional gq states is OZI suppressed in contrast to pro-
duction via an intermediate glueball. Already during Phase
One of PANDA, we will collect data samples of this reac-

tion that are two orders of magnitude larger than achieved by
previous experiments. A potential tensor component would
reveal itself in energy scans and amplitude analyses.

The f1(1420) can be identified through the decay to K K 77
and studied at a centre-of-mass energy of about 2.25 GeV in
pp — ntn~ + KKm and pp — 7n°%/n+ KKn. In the
latter cases, the amplitude analysis is simpler since only one
recoil (° or 1) is involved. The a;(1420) can be accessed
in 37 combinations from the pp — ntm wtm~ reac-
tion. The COMPASS analysis shows that very large samples
are required [225]. Here, PANDA will profit from the large
expected production cross sections in p p annihilations. The
cross sections for pion modes are in the order of mb, while
reactions involving kaons are in the order of 100 ub. The
observed intensity of f1(1420) in pp — KT K7~ ntn—
is about 1% [239]. This makes the prospects excellent for
studying the f1(1420) as well as searching for the a;(1420)
in pp annihilations already during Phase One of PANDA.

Furthermore, insights on the nature of the ¢ (2170) will be
obtained by studying other production mechanisms and hith-
erto unmeasured decay patterns. At PANDA, the ¢ (2170)
will be accessible in reactions involving 710, n, or atn~
recoils at centre-of-mass energies of about 2.6 GeV. In a sim-
ilar way, searches for hybrid candidates such as 1 (1400),
1(1600) and 7r1(2015) can be performed.

6.2 Charmonium-like exotics
6.2.1 State of the art

In 2003, the discovery of a signal in the J /7 T~ channel
near the DYD*0 threshold completely changed our under-
standing of the charmonium spectra [240]. Up to this point,
the quark model originally published in 1978 [241] had been
very successful in describing all observed states. However,
the new signal, established the state denoted y.;(3872) or
X (3872), turned out to have properties at odds with the quark
model. After 2003, many more states in the charmonium and
bottomonium mass range were discovered. While all states
below the lowest S-wave open charm threshold behave in
accordance with the quark model, the states above fit neither
in mass nor in other properties. This family of exotic states is
now referred to as the XY Z states. Arguably the most promi-
nent states, besides the aforementioned x.;(3872), are the
vector-meson states Y (4260) [242] and Y (4360) [243,244]
as well as the charged states Z(4430) [245], Z.(3900) [246],
Z.(4020) [247], Z;5(3985) [248] in the charmonium sector
and the charged states Z;(10610) and Z,(10650) [249] in
the bottomonium sector. The most prevalent interpretations
of these states are hybrid mesons (quark states with an active
gluon degree of freedom), compact tetraquarks (bound sys-
tems of diquarks and anti-diquarks), hadro-quarkonia (a com-
pact heavy quarkonium surrounded by a light quark cloud)
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and hadronic molecules (bound systems of two mesons; when
located very near the relevant S-wave threshold these can be
very extended). Recent reviews of various calculations can
be found in Refs. [15-17,21]. In particular the Z states —
charged states decaying into final states that contain both a
heavy quark and its antiquark - have received a lot of attention
since they must contain at least four quarks [250]. In addition,
lattice calculations predict a supermultiplet of hybrid mesons
including exotic quantum numbers with a similar pattern in
both charmonium and bottomonium [251,252].

As of today there is no consensus which one of the men-
tioned models explains the properties of the XY Z states best.
Clearly more experimental information is needed to make
progress. The two most pressing issues are:

— Where are the spin partner states of the observed XY Z
states? Their location contains valuable information
about the most prominent component of the states, since
different assumptions lead to different effects of spin
symmetry violation [253]. PANDA is well prepared to
hunt for those spin partner states, since the production
mechanism is not constrained to certain quantum num-
bers.

— What is the line shape of the near threshold states? This
allows one to especially investigate the role of the two-
meson component in a given state, since a strongly cou-
pled continuum necessarily leaves an imprint in the line
shapes [21]. Moreover, a virtual state cannot have a
prominent compact component [254].

PANDA can provide a significant contribution to answer
these questions, in particular the second one, already in Phase
One. Precision measurements of line-shape parameters of
resonances provide crucial information that sheds light on
their internal structure. The determination of these parame-
ters for narrow states is particularly challenging and requires
a facility with sufficient resolution to reach the necessary
sensitivity.

In the following, we illustrate this by discussing the
capability of PANDA to perform resonance energy scans,
using the famous yx.1(3872) state with JP¢ = 11+ as
a benchmark. The x.;(3872) has a small natural width;
until recently the 90% C.L. upper limit was estimated to be
1.2 MeV [255]. A new measurement from the LHCb data
are compatible with an absolute Breit-Wigner decay width
of I' = 1.39 £ 0.24 4+ 0.10 MeV for the x.1(3872) [256].
However, a Flatté-like line shape model where the state is
described by a resonance pole with a Full-Width-at-Half-
Maximum of about 220 keV is equally probable. The result
from LHCb emphasises the need for precision line-shape
measurements with significantly better mass resolution than
offered by experiments that rely on the detector resolution,
typically around a few MeV. Only experiments like PANDA,
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where these resonances are accessible in formation, offer a
direct and thus model-independent measurement of the line-
shape.

The analysis presented in the following is meant as a
demonstration of the precision capabilities of PANDA, but
the technique can be applied to extract key properties of other
resonances as well.

6.2.2 Potential for phase one

PANDA offers a unique possibility to reach sub-MeV resolu-
tion exploiting the cooled antiproton beam from the HESR.
This has been demonstrated by a feasibility study of the
Xc1(3872) line-shape measurement, to be carried out in a
future energy scan designed to precisely measure absolute
decay widths and line shapes [257]. The x.1(3872), as well
as all other non-exotic J € combinations, can be created in
formation in p p annihilation.

The details of the PANDA feasibility study can be found in
Ref. [257]. In this paper, we focus on the conditions expected
for Phase One. This implies an HESR beam momentum
spread (beam energy resolution) of dp/p = 5 - 107
(dEcms = 83.9keV) and an integrated luminosity of £ =
1170 (day - nb)~!.

The reaction of interest is the direct formation pp —
Xc1(3872), where the x.1(3872) is identified by the two
leptonic J/vy decay channels x.;(3872) — J/yp? —
ete ntn™ and x.1(3872) — J/yp? — putp mtn.
The reconstruction efficiencies are 12.2% and 15.2 %,
respectively, as determined with Monte Carlo simulations
including a realistic GEANT detector implementation. The
physics parameters as summarised in Table. 4 have been used
as input.

In our study, we quantify (i) the sensitivity of an absolute
measurement of the natural decay width I (ii) the capabil-
ity to distinguish two scenarios: a loosely bound (D°-D*")
molecular state and a virtual scattering state.

Both scenarios have been studied under the assumption
that PANDA will collect data in 40 energy points during
2 x 40 days of beam time, i.e. 2 days per energy point,
with the Phase One operation conditions. This is consid-
ered a reasonable amount of time to allocate for this kind
of measurements, especially since data for other purposes,
e.g. hyperon-antihyperon pair production, can be collected
in parallel.

The parameter I is determined by fitting a Voigt function,
i.e. a convolution of a Breit-Wigner with a natural decay
width Iy and a Gaussian with a standard deviation oBeam,
accounting for the beam momentum distribution.

The molecular line shape differs significantly from that
of aless sophisticated Breit—Wigner-like resonance shape. It
depends on the given decay channel (here J /4T ~)and on
the dynamic Flatté parameter E¢ [258,259] (or the equivalent
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Table 4 Summary of parameter settings in the simulation study [257]. All parameters are defined in the text

Input parameter

Input value

B(X — J/yp")
B(J /Y — ete)
BU /Yy — ptu™)
B(o® - ntn7)

O pp— X, max

93, DPM

93 NR

Total scan time #capn
No. of scan points Ngcan
Breit-Wigner width I'y

Line-shape parameter E¢

5% [246,261,262]

5.971% [5]

5.961% [5]

100% [5]

50nb [261,263,264]

[20, 30, 75, 100, 150]nb

46mb [181]

1.2nb [265]

80d

40
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Fig. 13 Sensitivity to the D* D molecule scenario, parameterised in
terms of the mis-identification probability Pp;s, shown as a function
of the input Flatté parameter Ef ¢ of the yx.1(3872) for six different
input signal cross-section os. All results are extracted for the Phase
One HESR running mode. The inner error bars represent the statisti-

inverse scattering length, y in [260]), that model a bound or
virtual state.

For each of the six different input signal cross-sections,
os = (150, 100, 75, 50, 30, 20) nb, the full procedure of
simulation, PDF generation and Breit—Wigner/Molecule line
shape fitting has been carried out, employing a maximum-
likelihood method.

The resulting sensitivities in terms of the relative uncer-
tainty Aleas/Imeas Of the measured decay width are sum-
marised for the Breit-Wigner case in Fig. 12. The correspond-
ing sensitivity for the molecule case is parameterised in terms
of the misidentification probability Puis = Nmis—id/NMcC-
The Pp;s as a function of the input Flatté parameter Er g is
shown in Fig. 13.

The available computing resources result in limited sam-
ples of DPM [47] background. This, in combination with
an efficient background suppression of the order €p gen ~
110719, results in a very small number of surviving back-
ground events which introduces an uncertainty. The impact
is estimated by scaling up the number of background events
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cal uncertainty and the outer the systematic ones. The bracket markers
indicate the corresponding numbers for the case of DPM [47] and non-
resonant background upscaling according to [266], ignoring statistical
and systematic uncertainties

determined from the 90% confidence level upper limit,
according to [266]. The uncertainty due to non-resonant
background from pp — J/yp° was determined in a similar
way. The effect on the sensitivity is represented by bracket
markers in Figs. 12 and 13.

A more compact representation of the results extracted
from Figs. 12 and 13 is shown in Fig. 14 for the Breit-Wigner
scenario (left panel) and the molecule scenario (right panel).
In the BW case, the minimum [} is defined by the min-
imum width, for which a 30 sensitivity is achieved in an
absolute decay width measurement. This corresponds to a
relative uncertainty Aleas/ I meas Of 33 %. In the left panel
of Fig. 14, the 30 sensitivity is shown as a function of the
input 05 p— x,max. Trendlines for inter- and extrapolation are
added using an empirical analytical function.

In the molecule case, the capability of distinguishing a
bound state from a virtual state is quantified in terms of the
Flatté parameter difference AEy := |Ef o — Ef,m|, where
Et o is the input Flatté parameter and Ef g, is the threshold
energy separating a bound from a virtual state. The differ-
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ence can be extracted from Fig. 13 at Ppjs = 10 %, assum-
ing Er , = —8.5651 MeV according to Ref. [258,259]. The
results are shown as a function of the input cross section
0pp—X,max in the right panel of Fig.14. As expected, the
larger the cross section, the better the performance in resolv-
ing small AEy.

The achievable sensitivities have been calculated for one
out of the six input cross sections, g = 50nb, in line with
the experimental upper limiton pp — x.1(3872) production
provided by the LHCb experiment. For values of the natural
decay width larger than Iy = 110keV a 30 relative error
ATmeas/ I'meas better than 33 %, is achieved already in Phase
One with 80 days of dedicated beam time for one resonance
scan measurement. The nature of the state - bound or virtual
- can be correctly determined with a probability of 90 % pro-
vided for AE; ~ 700keV. The presented work serves as an
example, but the same approach will be applied to narrow
resonances in general, achieving sub-MeV resolutions.

6.3 Impact and long-term perspectives

The planned Phase One line-shape measurement of the
%e1(3872) and other states with JP€ £ 17~ can reveal the
intriguing nature of hadronic states. Once the nature of these
states has been understood, it might lead to further insights
on the relevant degrees-of-freedom that give rise to hadroni-
sation at different energy scales.

In addition, PANDA has excellent discovery potential for
hitherto unknown, exotic meson-like states thanks to the
gluon-rich environment provided by p p annihilations as well
as the access to all gg-like quantum numbers in formation.
In particular, this opens up for extensive searches for spin
partners of the XY Z states. Discoveries and measurements
of the properties of spin partners provide valuable insights
on the prominent components, since different assumptions
lead to different effects of spin symmetry violation [253].

In later phases of PANDA, when the design luminosity
is reached, studies of hadrons with open charm will com-
mence. The structure and dynamics of these systems, com-
posed of heavy and light constituent quarks, are complemen-
tary to that of hidden-charm meson-like states. The decay
of the lowest lying states occurs primarily via weak pro-
cesses, providing experimental access to the semi-leptonic
form factors and the CKM parameters. Moreover, spec-
troscopy studies of the excited states can provide new insights
in the non-perturbative QCD domain that are not acces-
sible in the hidden-charm sector. This opens the possibil-
ity to search for exotic open-charm states. Hence, PANDA
can build upon the BABAR and CLEO discoveries of the
narrow exotic candidates D;,(2317) [187] and Dy (2460)
[188], respectively. PANDA has the potential to measure the
width of the D},(2317) with a resolution in the order of
0.1 MeV via an energy scan near the threshold of the asso-

ciated Dj,t D},(2317)T production [267] and to search for
other higher order excitations of open-charm states. This is
particularly important since the width is sensitive to a possi-
ble molecular component of the state [21,254,268,269].

7 Hadrons in nuclei

Hadron reactions with nuclear targets provide a great oppor-
tunity to study how nuclear forces emerge from QCD. In par-
ticular, these reactions offer an angle to the onset of colour
transparency at intermediate energies, the short-distance
structure of the nuclear medium, and the effects of the nuclear
potential on hadron properties. Two important aspects make
antiproton probes unique in this regard:

— The kinematic threshold for the production of heavy
mesons (e.g. charmonia, D, D*) and antibaryons is acces-
sible at small beam momenta.

— The existence of two-body annihilation channels at large
momentum transfer.

Close to threshold, the produced particles are rather slow in
the laboratory frame. Since the coherence lengths are small
compared to the internucleon distance, these particles interact
with the nuclear residue as ordinary hadrons. The probabil-
ity for such multiple interactions is quantified by the nuclear
transparency T (A) and is given by the ratio of the cross sec-
tion of an exclusive nuclear process with the corresponding
elementary (nucleon) reaction. The antiproton beam gives
access to hadron channels that are difficult to study with other
probes at low momenta, for example J/ V.

Slow particles are influenced by the nuclear mean field
potentials. Antiprotons are particularly suitable for implant-
ing low-momentum antibaryons or mesons into the nuclear
environment, where resulting effects of the nuclear potential
on their masses and decay widths can be studied. Nuclear
potentials are crucial to gain valuable insights into neutron
stars [270].

At higher beam momenta, the factorisation theorem men-
tioned in Sect. 4 becomes valid, splitting the reaction into
a hard, pQCD calculable part and a soft part described
by GPDs. This relies on the assumption that soft gluonic
exchanges between the incoming and outgoing quark con-
figurations are suppressed, which in turn is only possible if
these configurations are colour neutral and have transverse
sizes substantially smaller than the normal hadron size. While
well-established at large momentum transfer, itis still an open
question at which scale this phenomenon, known as colour
transparency (CT), sets in.

Interactions at large momentum transfers also probe the
short-distance (< 1.2 fm) structure of the nuclear medium
itself. In this region, effects from non-perturbative QCD dis-
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(30) BW width measurement. Right: Sensitivity in terms of the Flatté
parameter difference AE ;s for a misidentification of Py;s = 10 % for
the molecular line-shape measurement. The black circles represent a

cussed in Sects. 4 to 6 come into play in the dynamics of the
nuclear repulsive core, a rather unexplored territory [271],
which is expected to have an effect on cold, dense nuclear
matter such as neutron stars.

7.1 Antihyperons in nuclei
7.1.1 State of the art

Nuclei made of protons and neutrons have been studied for
more than a century. Hypernuclei, where one of the nucleons
isreplaced by a hyperon, and hyperatoms, where a hyperon is
attached to a nucleus in an atomic orbit, have been explored
since more than six decades. As aresult, valuable information
about the nuclear potentials of A and X~ hyperons has been
obtained [272].

It was recently pointed out in Ref. [273] that in-medium
interactions of antibaryons may cause compressional effects
and may thus provide additional information on the nuclear
equation of state [274]. The data for antibaryons in nuclei
are however rather scarce. So far, only antiprotons have
been subjected to experimental studies. The antiproton opti-
cal potential has been addressed in studies of elastic pA
scattering at KEK [275] and LEAR [276,277]. The fits to
the angular distributions of the scattered antiprotons, indi-
cate that the potential has a shallow attractive real part
Re(Vopt) = —(0 — 70) MeV and a deep imaginary part
Im(Vopt) = —(70 — 150) MeV in the centre of a nucleus.
This is in contrast to results from the analysis of X-ray tran-
sitions in antiprotonic atoms and of radiochemical data. Here,
the real part turned out to be much deeper, Re(Vop) =
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—110 MeV, whereas the imaginary part was found to be
Im(Vopt) = —160 MeV [278]. However, the calculations
of the pA elastic scattering as well as those of antiprotonic
atoms, are sensitive to the p potential at the nuclear periphery.
The production of p in pA and AA collisions, on the other
hand, is sensitive to the antiproton potential deeply inside the
nuclei and seems to favour Re(Vop) = —(100—250) MeV at
normal nuclear density as predicted by microscopic transport
calculations [279-281]. Antiproton absorption cross sections
on nuclei as well as the 7+ and proton momentum spectra
produced in p annihilation nuclei at LEAR calculated within
the Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU) model
[282] are consistent with Re(Vop) >~ —150 MeV, i.e. about
a factor of four weaker than expected from naive G-parity
relations.

In Ref. [283] it has been suggested that this discrepancy
is a consequence of the missing energy dependence of the
proton—nucleus optical potential in conventional relativis-
tic mean-field models. The energy- and momentum depen-
dence required for such an effect can be recovered by extend-
ing the relativistic hadrodynamic Lagrangian by non-linear
derivative interactions [283-285], hence mimicking many-
body forces [286]. Since hyperons and antihyperons play an
important role in the interpretation of high-energy heavy-ion
collisions and dense hadronic systems, it needs to be investi-
gated how these concepts carry over to the strangeness sec-
tor. However, antihyperons annihilate quickly in nuclei and
conventional spectroscopic studies are therefore challenging
or even unfeasible. Instead, quantitative information about
the potentials can be obtained from exclusive antihyperon—
hyperon production in pA annihilations close to threshold.
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However, so far no such experimental data exist on nuclear
potentials of antihyperons.

7.1.2 Potential for phase one

In the absence of feasible spectroscopic methods, schematic
calculations performed in Refs. [287-289] indicate that the
transverse momentum asymmetry

_ pr(Y) — PT(I?)
pr(Y) + pr(¥)’

where pr(Y/ Y)) is the transverse momentum of the
hyperon/antihyperon, is sensitive to the depth of the antihy-
peron potential. Other observables of interest are polarisation
and coplanarity.

As concluded in Sect. 5.1.2, a unique feature of antiproton
interactions within the PANDA energy range is the large pro-
duction cross sections of hyperon—antihyperon pairs. How-
ever, due to the strong absorption of antibaryons in nuclei,
the exclusive production rate of antihyperon—hyperon pairs
is expected to be smaller in antiproton—nucleus collisions
compared to antiproton—proton interactions.

Realistic calculations for the Phase One feasibility have
been performed using the GiBUU transport model [290].
Here we show recent results obtained with GiBUU, release
2017, which incorporates, inter alia, updates in the kaon
dynamics and an improved parametrisations of the hyperon-
nucleon (S =-1) collision channels at low hyperon momenta
with respect to the previously used release 1.5 [289,291].
Non-linear derivative interactions were not included. A sim-
ple scaling factor & = 0.22 was applied for the antipro-
ton potential to ensure a Schrodinger equivalent antiproton
potential of about 150 MeV at saturation density [282]. Since
no experimental information exists so far for antihyperons in
nuclei, G-parity symmetry was adopted as a starting point.
The calculations were carried out for different values of the
antihyperon scaling factor &y. The calculations were per-
formed for the following cases:

@

- AA pair production in 15+2°Ne interactions at ppeam = 1.52 GeV/e.
— AA pair production in ﬁ+20Ne interactions at ppeqm = 1.64 GeVle.

- AX™ pair production in [3+20Ne interactions at ppeam = 1.64 GeV/c.

— E*E~ pair production in p-+'Ne interactions at ppeq,n = 2.90 GeVi/e.

A beam momentum of 1.64 GeV/c is also used for the
study of the pp — AA which will serve as a point of
reference. At the lower beam momentum of 1.52 GeV/c,
the production of X' is strongly suppressed, hence reducing
experimental ambiguities.

The resulting distributions of transverse asymmetry a7 as a
function of the longitudinal asymmetry «y, defined in the
same way but with T — L, are shown in Figs. 15 (AA) and
16 (AX~ and E+E57). For AA, we observe a remarkable
sensitivity of a7 to the potential at negative values of oy,
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Fig. 15 Average transverse momentum asymmetry o7 (Eq. 2) as a
function of the longitudinal momentum asymmetry for A A-pairs pro-
duced exclusively in 1.52 GeV/c (upper panel) and 1.64 GeV/c (lower
panel) p+2°Ne interactions. The different symbols show the GIBUU
predictions for different scaling factors & of the A-potential. The ver-
tical error bars correspond to the statistical precision that can be obtained
for 12 h of data taking with the conditions specified in the text

(Fig. 15), and it is clear that secondary effects do not wipe
out the dependence. The large a7 sensitivity as well as the
negative shift in a7 are linked to the substantial A transverse
momentum smearing due to secondary scattering.

In order to estimate the expected event rate we assume
an interaction rate of 10°s~!, 20% beam loss in the HESR
due to the complex target and a reconstruction efficiency
of 10%, which is slightly smaller than that of the elemen-
tary pp — AA presented in Table 1. With these assump-
tions we can obtain 2 (1) AA per second for ppeam =
1.64(1.52) GeV/c. One day of data taking with 90% effective
run time at 1.64 GeV/c will yield 15-10* events, correspond-
ing to a sample size two times as large as the one presented
in Fig. 15. One week of data taking would also enable mea-
surements of polarisation and coplanarity.
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=

and 25" pairs (lower panel) produced exclusively in 1.64GeV/c
7+2Ne and 2.90 GeV/c p+*°Ne interactions, respectively [291]. The
different symbols show the GiBUU predictions for different scaling
factors for the antihyperon potentials. The vertical error bars correspond
to the statistical precision that can be obtained for two months of data
taking with the conditions specified in the text

For the results presented in the right panel of Fig. 16,
about 12000 2~ & pairs were generated for each value of
the scaling factor §+. With the Phase One luminosity and a

[

reconstruction efficiency of 5% (slightly smaller than

—

that of the elementary pp — E &~ presented in Table 2),
this requires a running time of about two months.

The studies proposed here will benefit from measurements
of the reference reaction pp — YY. However, as discussed
in Sect. 5.1, such measurements already constitute an impor-
tant part of the hyperon production programme and can,
thanks to the predicted large production rate, be completed in
a very short time. The results from our calculations illustrate
that even with rather conservative assumptions about lumi-
nosity, PANDA can provide unique and relevant information
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on the behaviour of antihyperons in nuclei already during
Phase One.

7.1.3 Impact and long-term perspectives

Already in Sect. 5.1, it was concluded that PANDA will be a
strangeness factory. In combination with nuclear targets, this
opens up unique possibilities for pioneering studies of the
nuclear antihyperon potentials already during Phase One. In
the future, when the luminosity is increased, a unique pro-
gramme for double- and possibly triple strange hyperatom-
and hypernuclear studies will follow [291].

7.2 Meson-nucleus reactions
7.2.1 State of the art

Colour Transparency (CT) has mainly been studied in the
high-energy regime, e.g. at Fermilab and HERA [292]. At
intermediate energies, some evidence was found by the
CLAS collaboration for an onset of CT in exclusive meson
production with electron probes at momentum transfers of a
few GeV [293,294].

Two-body hadron—nucleus reactions are also sensitive to
short-range nucleon—nucleon correlations [295]. These have
been studied experimentally for example in two-nucleon
knockout reactions with proton beams at BNL [296,297] and
with electron beams at JLab [298,299]. It was found that
inside ground-state nuclei, the short-range nucleon—nucleon
interaction can give rise to correlated nucleon pairs with large
relative momenta but small centre-of-mass momenta, called
short-range correlated (SRC) pairs.

7.2.2 Potential for phase one

Despite describing different physics phenomena, CT and
SRC can be studied with similar probes and momentum
regimes and with similar methods. Reactions with antiproton
probes have the advantage that they give access to mesons
that are unlikely to be produced with electron beams, for
example kaons.

To establish the onset of CT in the intermediate energy
regime indicated by CLAS, studies of e.g. exclusive meson
production in pp and pA have been suggested [300,301].
At large momentum transfer, a gg pair is more probable to
be in a small-size configuration than a gggq triplet due to
combinatorics. Therefore, two-meson annihilation channels
provide a very promising search-ground for such studies. It is
noteworthy that the main feature of the nuclear target, i.e. the
possibility of initial- and final state interactions with specta-
tor nucleons, can be explored already for the deuteron. The
wave function of the deuteron is relatively well-known which
allows for more robust theoretical predictions. The simplest
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opportunity to study CT is the d(p, 7 ~7 %) p process at large
momentum transfer in the elementary pn — 7~ reaction
[302]. The “golden” channel for nuclear transparency is con-
sidered to be A(p, J/v¥)(A — 1)*. During Phase One, it will
be difficult to study charmonium production for heavy nuclei
due to the limited luminosity, but studies of the integrated
cross section with a deuteron target may be started. Calcula-
tions of exclusive charmonium production d(p, J /vy )n [303]
predict a quite large cross section of ~ 5 nb at the quasi-free
peak (piap = 4.07 GeV/e).

The same two-body antiproton reactions can be used to
study the decay of a short-range correlation after removal of
one nucleon, for example p+A — hy1+ho+ Npger + (A —
2)*, where Npqc refers to a backward-going nucleon [297].
In these reactions, it is possible to test the validity of factori-
sation of the cross section into the elementary cross section,
the decay function, and the absorption factor using different
final states. Such tests in combination with analogous stud-
ies at JLab would contribute to detailed understanding of the
dynamics of interactions with short-range correlations and
high density fluctuations in nuclei.

In SRC studies, antiprotons give access to correlated pp
and pn pairs without the necessity of identifying and deter-
mining the momentum of an outgoing neutron. Instead, a
struck neutron can be identified by reconstructing processes
like pn — n~ 7% or pn — wHw~ 7~ in the PANDA detec-
tor. The wave function of the SRC pair may include the contri-
bution of non-hadronic degrees of freedom. The simplest case
is again provided by the deuteron wave function which may
include the A — A component predicted by meson-exchange
model calculations [304] as well as in the quark model [305].
The presence of the AT+ — A~ configuration in the deuteron
may be tested in the exclusive reaction pd — 7~ m~ AT
[306]. In the PANDA momentum range, the signal process
due to the antiproton annihilation on the valence A~ domi-
nates over two-step background processes. This is valid in a
broad kinematic range of the produced A™™ also for A — A
probabilities in the deuteron as low as ~ 0.3%.

7.2.3 Impact and long-term perspective

Atlarge beam momenta, PANDA can contribute with studies
of colour transparency and short-range correlated nucleon-
nucleon pairs, and offers access to final states which are dif-
ficult or unfeasible to study with electron or proton beams.
The larger luminosities of the later stages of PANDA will
allow for more extensive studies of charmonium production
A(p, J/¥)(A — 1)* reactions, both for deuterium target and
beyond. Exclusive studies of differential cross sections and
J/¢ and ¥'(2S) transparency ratios shed further light on
colour transparency, as discussed in detail in Refs. [301,307].

The J /v N absorption cross section is of particular inter-
est for studies of Quark—Gluon Plasma in heavy-ion colli-
sions [308].

8 Summary and conclusions

The Standard Model of particle physics gives an accurate
description of phenomena that occur at very high energies
exploiting the basic interactions among quarks and gluons.
However, describing why and how these quarks and gluons
form hadrons remains an open question. The most prominent
examples are the building blocks of visible matter, i.e. protons
and the neutrons. Furthermore, it is a challenge to describe
quantitatively how the effective forces between these com-
posite objects emerge from first principles: how do protons
and neutrons form atomic nuclei, and how do these form the
macroscopic objects of our universe, for example neutron
stars?

A central theme in strong interaction phenomena is the
non-Abelian nature of QCD, i.e. the self-coupling of the force
carriers. Self-coupling is present in all non-Abelian theories
such as gravity, but hadrons are so far the only objects for
which these effects can be studied in a controlled way in the
laboratory.

The PANDA experiment will provide an advanced and
multi-faceted facility for studies of different aspects of the
strong interaction. PANDA will utilise a beam of antiprotons:
a unique and highly versatile probe for hadron physics. The
beam energy provided by the HESR storage ring is optimised
to shed light on the very regime where quarks form hadrons.
Combined with a near 47 multipurpose detector, PANDA
will offer the broadest hadron physics programme of any
existing or planned experiment in the world.

The PANDA physics programme will benefit from the
recent theoretical developments (lattice QCD, effective field
theory, Dyson-Schwinger approach, AdS/CFT, etc.), but also
provide guidance from data to the construction of new the-
oretical and phenomenological tools, as well as refinements
of the existing ones. The close collaboration between theory
and experiment will hence be mutually beneficial and has
potential to give new insights in the dynamics of non-linear
interacting systems on a quantum scale.

In this paper, we have discussed the potential of PANDA
during the first phase of data collection, Phase One, when the
luminosity will be ~20 times lower than the FAIR design
value and the experimental setup will be slightly reduced.
The four main physics domains of PANDA - nucleon struc-
ture, strangeness physics, charm and exotics, and hadrons in
nuclei - have been discussed within the context of Phase One.
Highlights have been outlined and the potential for PANDA
to push the frontiers beyond state of the art was demon-
strated for selected examples. PANDA will be a key experi-
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ment that can investigate the nucleon structure, perform line-
shape measurements of non-vector charmonium-like states,
study multistrange hyperons at a large scale and antihyper-
ons in nuclei. It offers complementary approaches to topics
like time-like form factors, light hadron spectroscopy and
colour transparency. In later phases of the PANDA experi-
ment, the full setup and the design luminosity enable an even
wider programme that also includes open-charm production,
triple-strange hyperon physics, hyperatom and hypernuclear
physics and searches for physics beyond the Standard Model
e.g. through hyperon decays.
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