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Abstract

Hyperons provide new angles on two of the most challenging problems in contempo-
rary physics: a coherent and quantitative description of the strong interaction, and the
matter-antimatter asymmetry of the Universe. In these proceedings, I will demonstrate
the merits of hyperons as a diagnostic tool using two recent measurements by the BE-
SIII experiment as an illustrative example. Furthermore, I will highlight the prospect of
future hyperon studies with the next-generation experiment PANDA at FAIR.
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1 Introduction

If I were to summarise the diversity of topics and discussions at the Few Body Conference
with one over-arching theme, it would be nucleons. A large part of the community take an
interest in how nucleons form bound systems and how they interact with other nucleons,
either when being brought to collide in experiments, or in macroscopic objects such as stars.
The hadron oriented community explore its building blocks, the quarks, and their interactions.
Constituting the major part of the visible mass of Universe, nucleons earned their place in the
spotlight a century after its discovery !. In fact, many of the most challenging questions in
contemporary physics manifest themselves in our difficulties in understanding the nucleon
features from first principles.

e Abundance: There is much more matter (nucleons) than anti-matter (anti-nucleons) in
the Universe. If this was not fine-tuned at the Big Bang, then this asymmetry must be of
dynamical origin [1].

e Spin: The sum of the measured valence quarks’ contribution to the nucleon spin is only
about half of the total spin [2].

e Mass: The nucleon mass is dynamically generated by the strong interaction and de-
scribed in terms of effective degrees of freedom [3].

e Structure: The neutron has an intriguing charge distribution: negative in the centre and
at the rim, positive in between [4]. For a ground-state wave function, this kind of wiggles
is surprising.

e Size: The electric radius of the proton has been determined from electron-proton scat-
tering, from the spectrum of electronic hydrogen and from the spectrum of muonic hy-
drogen. Until recently, most measurements using electrons resulted in a larger proton
radius than the results obtained with muons [5].

The abundance relates to the origin of the Universe and searches for physics beyond the Stan-
dard Model at the Precision Frontier. The spin, mass and structure are consequences of the
non-perturbative nature of the strong interaction. In this sense, the study of these features
approaches the Standard Model at the Low Energy Frontier. The proton radius puzzle has put
lepton universality into question. However, in a recent measurement of electronic hydrogen, a
smaller radius was obtained that was in agreement with measurements with muons [6]. The
internal disagreements of the electron data remain to be understood. This is also discussed in
other contributions to this conference, for example Ref. [7].

An often successful approach in physics to obtain clues about an enigmatic system, is to
make a small change to the system and see how it reacts. For instance, one can [8]:

1. Scatter on it
2. Excite it

3. Replace one of the building blocks

Here, I refer to the discovery of the proton in 1919 by Rutherford - the neutron was discovered in 1932 by
Chadwick.
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Starting with nucleons, we obtain hyperons through the third item: replacing a light quark by
a strange, charm or bottom quark. In these proceedings, I will outline how different hyperon
physics topics emerge from this approach and how they relate to the underlying, fundamental
questions. Furthermore, I will discuss how these topics can be studied at existing facilities, e.g.
BESIII, and future facilities, e.g. PANDA.

2 Hyperons

~ Hyperons are strongly interacting objects and are therefore
y Y suitable for studying the strong interaction. The minimum
scale probed in a given reaction depends on the mass of the
interacting entities. For strange hyperons, the scale is gov-
erned by the mass of the strange quark, m; ~ 95 MeV/c2.
This is close to the cut-off Agcp &~ 200 MeV/ 2, defining the
scale where quarks are confined into hadrons. As a conse-
quence, the relevant degrees of freedom of such processes are
unclear: quarks and gluons, or hadrons? Strange hyperons
therefore probe the confinement domain of the strong inter-
action. This is in stark contrast to the more than ten times
heavier charm quark (m. ~ 1275 MeV/c?), that probes the
scale where perturbative QCD breaks down. Processes involv-
ing charmed hyperons can be used to bridge the transition
Figure 1: The Y — BM de- region between perturbative and non-perturbative QCD.

Hyperons have an advantage compared to nucleons: their
spin is traceable through their self-analysing decays. Weak
decay amplitudes can have a parity conserving and a parity
violating part. As a consequence, the daughter particles from
a hyperon decay are emitted according to the direction of the spin of the mother hyperon.
Figure 1 illustrates the two-body decay Y — BM, where a spin 1/2 hyperon Y decays into a
spin 1/2 baryon B and a pseudo-scalar meson M. The angular distribution W(cos 63) of B in
the rest system of Y can be expressed in terms of the polarisation P, (cos 6y) with respect to
some reference axis ¥ as a function of the Y scattering angle 6y [9,10]

cay, with the spin direction of
Y along the y-axis.

W(cos 03) = 4i(1+aPy(cos Oy ) cos Bg). (D
T

P, carries information about the production process and depends on the energy. The decay
asymmetry a is independent of the production mechanism and instead related to the interfer-
ence between the parity violating and the parity conserving decay amplitudes, T; and T, [11].
Equation 1 shows how parameters with physical meaning can be extracted from measurable
quantities and demonstrates the unique potential of the hyperon as a diagnostic tool.

In Figure 2, we illustrate how hyperons connect two fundamental questions, resulting in
four emerging research topics. In these proceedings, we will focus on hyperon structure and
hyperon decays.

3 Hyperon Structure

The electromagnetic structure of hadrons is probed in interactions between hadrons and vir-
tual photons. ElectroMagnetic Form Factors (EMFFs) describe the inner, dynamical structure
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Figure 2: Conceptual map of hyperon physics topics, showing how the two over-
arching fundamental questions (left) can be approached by a common diagnostic
tool, i.e. hyperons (middle). From this, the different subtopics emerge (right). The
colour-coding indicates which questions are related to which research and the dashed
rectangle marks the focus of these proceedings.

and quantify the deviation from a point-like state. EMFFs are functions of the momentum
transfer squared, g2, carried by the virtual photon. As fundamental observables of the strong
interaction, theoretical predictions of EMFFs can be made using e.g. Chiral Perturbation The-
ory [12,13] or Lattice QCD [14].

EMEFF’s can be space-like (g> < 0, to the left in Fig. 3), studied in elastic electron-hadron
scattering, or time-like (g% > 0, to the right of the y-axis in Fig. 3). The electric and the
magnetic form factors in the space-like region have an intuitive interpretation since, in the
so-called Breit frame, they are the Fourier transforms of the charge and magnetisation den-
sities [4, 15]. Unfortunately, the space-like region is difficult to access experimentally for the
unstable hyperons, since they are unfeasible as beams or targets in electron-hyperon scattering
experiments. Instead, time-like form factors constitute the most viable structure observables
for hyperons [16].

In the time-like region, the EMFFs can be complex with a relative phase. This phase re-
flects the fluctuation of the virtual photon into intermediate hadron-antihadron states whose
amplitudes interfere. A non-zero phase polarises effect on the final state hyperons, even if the
initial state is unpolarised [17].

From the experimentally accessible time-like form factors, the more intuitive space-like
form factors can be calculated using dispersion relations. For example, the asymptotic behavior
of the time-like EMFFs as g2 — oo can be obtained from the corresponding space-like region
as a consequence of the Phragmén-Lindelof theorem [18]. Above a certain scale where g2
is large, the space-like and the time-like form factors should approach the same value. For
nucleons, being accessible in the space-like as well as in the time-like region, the onset of
this scale is straight-forward to test. For hyperons, we must proceed differently. Since we
know that in the space-like region, EMFFs are real, we infer that the same must be true in
the time-like region when g2 — oo. This means that the phase must be an integer multiple
of 7, depending on the q?-power-law behaviour [19,20] and the possible presence of space-
like zeros [16]. However, for intermediate g2, the phase can be non-zero, which results in
polarised hyperons and antihyperons in the final state. Thanks to the self-analysing decays
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of hyperons, the polarisation is experimentally accessible. Hence, polarised hyperons offer an
alternative way to study the asymptotic behaviour of hyperon form factors: by measuring the
phase at different g2, the onset of the scale at which the hyperon time-like EMFFs approach
the space-like can be established.

The time-like region can be further divided into two distinct parts with respect to the
momentum transfer squared, g?:

e The high-q2 part, explored when an e*e™ pair annihilates to form a hyperon-antihyperon
pair (ete” — Y; Y,, see Figure 2 a). This region covers momentum transfers larger than
the sum of the masses of the produced hyperons (g > (my, + my, )?).

e The low-g? part, probed in hyperon Dalitz decays (Y; — Y, e*e™, see Figure 2 b) and cov-
ering momentum transfers below the difference in mass between the hyperons (g% < (my,—my, )2).
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Figure 3: Processes for extracting EMFF in the space-like (left) and time-like (right)
region. The low-¢* (4m? < q* < (Mg, —Mp,)?) part of the time-like region is studied
by Dalitz decays, the unphysical region (4m? < g* < (Mg, +Mjp,)?) by pp — ¢~ n°
and the high-q® region (g% > (Mg, +Mj5,)?) by BB < ete™. Note that the unphysical
region is only accessible for protons.

The different g2 regions with their corresponding form factors and the processes where they
are accessed, are shown in Fig. 3.

3.1 Previous measurements

So far, only a few measurements of hyperon form factors exist and they are all in the high-
q? region. Cross section measurements of the e"e™ — Y'Y process were studied for different
hyperons by BaBar [21], CLEO-c [22] and BESIII [23] but the data samples were too small
to separate the electric and the magnetic form factor with any conclusive precision. Some
information about the structure of A:r has been obtained by measurement by Belle [24] and
BESIII [25].

3.2 New hyperon structure measurement with BESIII

3.2.1 The BESIII experiment

The Beijing Spectrometer (BESIII) experiment has recently carried out the first complete mea-
surement of the time-like structure of any baryon. The BESIII detector is an integrated part of
the Beijing Electron Positron Collider (BEPC-II) [26] and has a geometrical acceptance of 93%
of the solid angle. BESIII comprises a small-cell, helium-based main drift chamber (MDC),
a time-of-flight system (TOF) based on plastic scintillators, an electromagnetic calorimeter
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(EMC) made of CsI(TI) crystals, a muon counter (MUC) made of resistive plate chambers, and
a superconducting solenoid magnet with a central field of 1.0 Tesla. A detailed description of
the detector and its performance can be found in Ref. [27].

3.2.2 Analysis and formalism

In this work, the ete™ — AA,(A — pm~,A — pn+) has been studied. A dedicated data
sample corresponding to an integrated luminosity of 66.9 pb~* was collected for this purpose
at a CMS energy of ¢ = 2.396 GeV. The analysis, including event selection, efficiency correction
and background treatment, follows common standards and is outlined in Ref. [28].

A complete decomposition of the complex form factors G and G, requires a multi-dimensional
analysis of the reaction and the subsequent decays. In Refs. [29,30], the joint angular distri-
bution of ete™ — AA, (A — pn~,A — pn™) was derived in terms of the phase A® and the
angular distribution parameter n = (t—R?)/(7 +R?), where T = ¢*/(4m3) and R = |Gy /Gy|.
The differential cross section of the full process depends on five angles. In particular, the trans-
verse polarisation of A, P,, can be expressed in terms of the phase A® and the A scattering

angle:
4/1—n2sin6 cos O
p, = NS 7 %Y sin(A®). 2)
1+ ncos26

3.2.3 Results

The phase A® and the angular distribution parameter 1 were estimated by fitting the five-
dimensional angular distribution from Ref. [30] to the data using a Maximum Log Likelihood
fit. From this, the form factor ratio could be estimated to R = 0.96 + 0.14 £ 0.02, and
the phase to A® = 37° £ 12° £ 6°. The first uncertainty is statistical and the second is
systematic. The latter is estimated from a thorough investigation of possible sources, where
the uncertainties from luminosity, tracking and background are found to be negligible. Non-
negligible contributions arise from fit range and selection criteria. We find that the total sys-
tematic uncertainty is about seven times smaller than the statistical for R and about two times
smaller for A®. The correlation coefficient between 1 and A® is 0.17.

The non-zero value of the relative phase implies that the imaginary part of the electric
and the magnetic form factors are different. Equivalently, this means that not only the s-wave
but also the d-wave amplitude contribute to the production and their interference results in a
polarised final state.

In addition, the cross section was obtained to be o = 118.7+5.3 (stat.)£5.1 (sys.) pb. From
this, the effective form factor could be extracted to |G| = 0.123 + 0.003 (stat.) £ 0.003 (sys.).
This is about one half of that of the proton at the corresponding excess energy [31].

From our measurements, we can also learn about the AA interaction close to threshold. In a
recent theory paper [32], predictions were made using Final State Interaction (FSI) potentials
[33] from fits to PS185 data from the pp — AA reaction [34]. In their work, the sensitivity of
R and A9 to the FSI potential was found to be much more pronounced than that of the total
cross section. Our measurement slightly favors the Model I or Model II potential of Ref. [33].

3.3 Future prospects

This first complete hyperon EMFF measurement is a milestone in the study of hyperon struc-
ture, where the long-term goal is to describe charge- and magnetization densities for hyperons
in the same way as for nucleons [4]. In order to achieve this, similar measurements must be
carried out at several energies. For this purpose, the methods developed for this study can be
applied at other energies, provided the data sample at each energy is large enough. Further
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measurements can be performed by BESIII (strange and single charm hyperons) and Belle II
(primarily charmed hyperons).

In the near future, it will also be possible to carry out pioneering measurements in the low-
q? region from hyperon Dalitz decays with the HADES-PANDA setup. This effort, that combines
the excellent di-electron detection capability of HADES with the tracking of hyperon decay
products with forward tracker planes from PANDA, is a part of the FAIR Phase O campaign [35].

4 Hyperon Decays

According to today’s paradigm, equal amounts of matter and antimatter were created in the
Big Bang. However, from observations we know that the visible Universe consists of matter, not
antimatter. Where did the antimatter go? The dynamical enrichment of matter with respect
to antimatter is called Baryogenesis [1]. It is only possible if the following criteria are fulfilled:

e Processes exist which violate baryon number conservation.

e Processes exist which violate charge conjugation (C) and charge conjugation and parity
(CP) symmetry.

e The processes above have occurred outside thermal equilibrium.

CP violation is possible in weak interactions by the Cabibbo-Kobayashi-Maskawa mechanism
[36,37], now an inherent part of the SM. Numerous CP violating effects in K, and B meson
decays have been found by BaBar, Belle and at Fermilab and CERN [38]. Very recently, the
LHCb collaboration reported the first evidence of CP violation in decays of the charmed D
meson [39]. However, since our visible Universe consists largely of spin carrying baryons, it
is of highest relevance to look for CP violation also in baryon decays. The only indication
of CP violating baryon decay observed so far was seen in the four-body decay of the bottom
A}, hyperon in LHCb [40]. The deviation is consistent with the SM. In total, no CP violating
effects beyond the SM have ever been seen neither in the meson nor in the baryon sector.
Furthermore, all deviations are too small to explain the observed matter-antimatter asymmetry
of the Universe. Indeed, Baryogenesis requires physics beyond the SM [41].

In the strange baryon sector, predictions from SuperSymmetry (SuSy) [42] indicate CP
violating effects that are up to two orders of magnitude larger than in the SM [43]. Precise
measurements of hyperon decays can therefore put SM and beyond SM predictions to test.
Strange hyperons also have the advantage that they predominantly decay into two-body states
for which CP-odd observables are straight-forward to define. CP conservation means that
particles and antiparticles have the same decay pattern. Hence for a weak, two-body hyperon
decay, the asymmetry parameter a in Eq. 1 should be the same as the —& of the corresponding

antihyperon. Then one can define

a+a
Acp = = 3)
a—a

for which a non-zero value indicates CP violation [9].

In the case of multi-strange hyperons, e.g. the Z~, the sequential weak decays provide ac-
cess to the additional decay asymmetry parameters 8 and ¢. From f and f3, the asymmetries
Bcp, Bip and A¢ can be defined in a similar manner as for Acp in Eq. 3. These are more
sensitive to CP violation by a factor of 100 and 10, respectively [44]. The most precise exper-
imental CP test for strange baryons so far is provided by the HyperCP experiment at Fermilab
and concerns the sequential decay of the double-strange =~ hyperon [45].
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4.1 CP test with BESIII

In BESIII, hyperon decays can be studied in processes like ete™ — J /¥ — YY,Y — BM,Y — BM.
Thanks to the relatively large branching fractions of J /¥ decays into single- and double hyperon-
antihyperon pairs (BR ~ 10~), we can benefit from the large J¥ samples collected by BESIII
(1.2-10% in 2012 and 10%° in 2018).

4.1.1 Formalism

Most experiments with hadronic probes apply a formalism that only consider the decays, not
pinning down the production process. In such an approach, one integrates over all possible
spin directions. This simplifies the formulas but leads to loss of information and hence worse
precision. In particular, the detector efficiency, typically evaluated from Monte Carlo simula-
tions, is model dependent since it depends on the angular distributions of the generated parti-
cles. This introduces a systematic bias for any non-ideal detector that does not cover 100% of
the full 47 solid angle. Hyperon-antihyperon production in e*e™ colliders have the advantage
that the production is dominated by photon or vector meson exchange. Therefore, in the pro-
duction of spin % hyperons, only s and d partial waves are expected to contribute. This means
that the full production and decay process of weakly decaying, single-strange hyperons can be
parameterised in terms of two production parameters, e.g. the angular distribution parameter
7 and the phase A®, and two decay parameters ay and ay. The multi-dimensional formalism
outlined in Refs. [29,30] provides a model-independent approach since the only assumption
is that the process is dominated by vector exchange. Since the full production and decay pro-
cess is parameterised, the use of measured information is maximised. As a consequence, the
precision for a given sample size is increased.

4.1.2 Recent measurement of A decays

The method was implemented in the analysis of J/¥ — AA(A — pn—,A — pnt/A — an?),
described in detail in Ref. [46]. The purely charged mode (pm pn™ final state) comprised
420000 fully reconstructed events and the charged-neutral (prt— 7t final state) 47000 events.
The phase A® was extracted from the two modes simultaneously and was found to be

Ad = 42.4° + 0.6° + 0.05°. The decay asymmetry a_ for the A — pmt~ decay was obtained
to 0.750 £ 0.009 £+ 0.004. This is 17+ 3 % larger than the previously established value of
0.642+0.013 obtained from a series of experiments in the 1960s and 1970s [47-51]. In these
experiments, a different method was used: instead of extracting the decay asymmetry from
the A decay distribution, it was obtained from the the measured polarisation of the daughter
proton. It is difficult to explain the discrepancy in the results since the older papers discuss
systematics only briefly. It is also noteworthy that the data samples in previous measurements
were about 40 times smaller compared to the recent BESIII sample. The new value, obtained
by BESIII, has been accepted by the Particle Data Group in the 2019 update of Ref. [10]. The
revision has a large impact on the field of hyperon polarisation physics as a whole. In most
experiments, the measured quantity is the product a_P, rather than the polarisation P,. The
latter is instead calculated from the product using the PDG value of a_ as input. The updated
a_ means that all measured values of the polarisation so far must be downscaled by 17%.

In addition to the a_ measurement, o, was measured to —0.758 £0.010 £ 0.007 and «a,
of the A — 7in® decay to —0.692 £ 0.016 + 0.006. From a_ and a,, the CP odd asymmetry
Acp, defined in Eq. 3, was calculated to —0.006 & 0.012 & 0.007. This is the most precise CP
test of the A hyperon decay so far.
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4.1.3 Future measurements with BESIII

The world-record sample of 10'° J/¥ events collected in 2018 by BESIII open up unprece-
dented possibilities. In particular, hitherto unexplored aspects of sequentially decaying x:°, =~
and =° can be studied. The formalism for decays of charged and neutral Z have been outlined
in Ref. [52] and that of = in Ref. [53]. The latter is an electromagnetic decay and is therefore
very unlikely to violate CP symmetry [54]. However, this means that even small signals would

indicate new physics.

5 Future hyperon physics with PANDA

The recent, ongoing and future CP tests with BESIII are important milestones in the search for
CP violation and thereby gain insights about the matter-antimatter asymmetry of the Universe.
However, the data samples that can be achieved will only enable a precision of at most 1073,
To test predictions of SM and beyond, the precision needs to be improved by at least two orders
of magnitude. Among the currently operating or planned facilities world-wide, the anti-Proton
ANnihiltions in DArmstadt (PANDA), at the future Facility for Antiproton and Ion Research, is
the most suitable for this task.

5.1 The PANDA experiment

In PANDA, hyperon-antihyperon pairs will be produced in antiproton-proton annihilations.
The antiprotons will be delivered from the High Energy Storage Ring (HESR) within a mo-
mentum range from 1.5 GeV/c up to 15 GeV/c. During the start-up, referred to as Phase One,
the HESR will be able to accumulate up to 10'° antiprotons within a time span of 1000 s. In
a final stage, Phase Three, the dedicated Recuperated Experimental Storage Ring (RESR) will
allow up to 10! antiprotons to be injected and stored in the HESR. In the HESR, the beam will
be stochastically cooled which will enable a beam momentum spread of better than 5 - 107>,
The antiproton beam will impinge on a hydrogen cluster jet or pellet target. During Phase
One, the HESR will provide a luminosity of &~ 103! cm2s~! whilst the design luminosity of
~ 2% 1032 cm?s~! will be achieved during Phase Three.

The near 47 solid angle coverage of the PANDA detector enable exclusive reconstruction
of the final state particles which minimises systematic effects from e.g. efficiency. PANDA
will consist of a target spectrometer part (TS) and a forward spectrometer part (FS). The TS
provides precise vertex tracking by the micro vertex detector (MVD), straw tube trackers (STT)
and gas electron multiplier detectors (GEM). Time-of-flight detectors (TOF) and detection of
internally reflected Cherenkov light (DIRC) offer particle identification and an electromagnetic
calorimeter (EMC) will measure energies. The trajectories in the TS are bent by the field of a
solenoid magnet providing a field of 2.0 T. The FS consists of straw tube stations for tracking,
a dipole magnet, a ring imaging Cherenkov counter (RICH) detector and a TOF for particle
identification and a Shashlyk electromagnetic calorimeter. The PANDA detector is described
in further detail in Ref. [55].

5.2 Prospects for hyperon physics with PANDA

The fact that hyperons and antihyperons can be produced in two-body reactions is an ad-
vantage compared to meson or photon probes, where strangeness conservation requires that
the hyperon is produced with the corresponding number of associated kaons. Such many-
body final states are difficult to parameterise in terms of partial waves and hence a model-
independent approach, such as the one outlined in Section 3.2.2, is no longer possible. The
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two-body, particle-antiparticle symmetric final state in PANDA is more straight-forward to pa-
rameterise. Therefore it provides excellent conditions for the planned hyperon physics pro-
gramme that includes hyperon production, hyperon structure, hyperon spectroscopy and, in
Phase Three, CP tests in hyperon decays.

The main advantage compared to e*e™ colliders are the large cross sections for hyperon-
antihyperon pair production. Existing data from single- and double-strange hyperons [56]
indicate cross sections within and above the microbarn range, as shown in Figure 4.
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Figure 4: The cross sections of various hyperon-antihyperon pairs produced in
antiproton-proton annihilations. The data are primarily from the PS185 experiment
at LEAR and compiled in Ref. [56].

In order to investigate the prospects of hyperon physics with PANDA in more detail, simulation
studies have been performed in a recent campaign. The following processes were studied:

o pp = AA A — prt,A— pn~ at p; = 1.64 GeV/c [57]

* pp —’EOA, ¥ > Ay,A—prnt,A—>pn~ at pp =1.77 and 6.0 GeV/c [58].

+

—_—
—
—

.pp—)

[
[

J

*— An",ET — An” at p; = 4.6 and 7.0 GeV/c [57].

The simulations were performed using the PandaROOT framework, with ideal pattern recog-
nition and particle identification. Additional selection criteria were applied that mimic the
effects from a full, realistic implementation. The resulting signal efficiencies are given in Ta-
ble 1 and show that the exclusive hyperon reconstruction rates will be high. Combined with
the low background level, this demonstrates the potential of PANDA as a hyperon factory.

6 Conclusion

Hyperons provide a powerful diagnostic tool that sheds light on two of the most challenging
problems i contemporary physics: the strong interaction in the confinement domain and the
matter-antimatter asymmetry of the Universe. In particular, its experimentally accessible spin
properties enable new angles on hyperon structure as well as clean tests of CP violation in
hyperon decays. New measurements from BESIII provide important milestones for hyperon
structure and decay. The future PANDA experiment at FAIR will be a veritable hyperon factory
where many aspects of hyperon physics can be studied with unprecedented precision. Al-
ready in 2020-2021, it will be possible to perform pioneering measurements of the low-energy
structure of hyperons through the FAIR Phase 0 initiative HADES /PANDA.

10
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Table 1: Results from simulation studies of the various production reactions of ground
state hyperons [57,58]. The efficiencies are for exclusive reconstruction, i.e. consid-
ering all final state particles. The S/B denotes signal-to-background ratio and the
asterisk * the upper limit of a 90% confidence interval.

o (GeV/c) Reaction o (ub) Eff (%) Decay S/B Rate (s71) Rate (s71)
at 103! at 2-10%
em st em2s7!

1.64 pp—>AA  64.0[34] 15.7[57] A—-pn-  114[57] 44 880

1.77 p—T A 109[34] 53[58] oAy >117[58] 2.4 48

6.0 pp— A 20.0[59] 6.1[58] =°—>Ay  21[58] 5.0 100

4.6 pp—E2 2 1.0 [60] 82[57] E —An~ 274[57] 0.3 6

7.0 pp—>E E- 03 [60] 7.9[57] E —An~ 165[57] 0.1 2
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