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Physics prospects at PANDA

• Storage ring with antiprotons + cluster-jet/pellet target
• Antiproton momenta (p): 1 - 15 GeV/c
• Stochastic cooling: dp/p~10-4 - 10-5

• Luminosity: 2x1031 (Phase 1+2) - 2x1032 (Phase 3) s-1cm-2

• Detector: 4pi, versatile, high-rate capabilities, …
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14/01/2015 Frank Nerling Charmonium Spectroscopy with PANDA at FAIR 

PANDA Physics Programme 

Anti-Proton ANnihilation in DArmstadt 
 
• Meson spectroscopy 

!  Light mesons 
!  Charmonium 
!  Exotic states: 
     glue-balls, hybrids,  
      molecules / multi-quarks 

•  (Anti-) Baryon production 
• Nucleon structure 
• Charm in nuclei 
• Strangeness physics 

!  hypernuclei, 
!  S = -2 nuclear system  
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Approaches in hadron physics

2



PANDA Phase One, EPJA57, 44 (2021)PANDA physics overview

Nucleon Structure


Generalized Parton Distributions 

Transition Distribution Amplitudes 

Time-like Form Factors

BESIII, COMPASS, EIC, JLAB, … 

Spectroscopy


Hidden/open-charm states 

Gluon-rich QCD states 

Light-meson systems

BELLEII, BESIII, COMPASS, 
JLAB, LHCb, …  

Bound States 
and Dynamics 

of QCD

LIGHTSTRANGECHARM

4

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2



PANDA Phase One, EPJA57, 44 (2021)PANDA physics overview

Nucleon Structure


Generalized Parton Distributions 

Transition Distribution Amplitudes 

Time-like Form Factors

BESIII, COMPASS, EIC, JLAB, … 

Spectroscopy


Hidden/open-charm states 

Gluon-rich QCD states 

Light-meson systems

BELLEII, BESIII, COMPASS, 
JLAB, LHCb, …  

Strangeness 


Strange baryon spectroscopy 

Hyperon production & polarization 

Hyperon transition form factors

BESIII, JLAB, JPARC, HADES, 
MAMI, ELSA, … 

Bound States 
and Dynamics 

of QCD

LIGHTSTRANGECHARM

4

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2



PANDA Phase One, EPJA57, 44 (2021)PANDA physics overview

Nucleon Structure


Generalized Parton Distributions 

Transition Distribution Amplitudes 

Time-like Form Factors

BESIII, COMPASS, EIC, JLAB, … 

Spectroscopy


Hidden/open-charm states 

Gluon-rich QCD states 

Light-meson systems

BELLEII, BESIII, COMPASS, 
JLAB, LHCb, …  

Nuclear Physics


Hadrons in nuclei 

Hyperon-nucleon dynamics 

Hyper-atoms and nuclei

CBM, HYPHI, JPARC, … 

Strangeness 


Strange baryon spectroscopy 

Hyperon production & polarization 

Hyperon transition form factors

BESIII, JLAB, JPARC, HADES, 
MAMI, ELSA, … 

Bound States 
and Dynamics 

of QCD

LIGHTSTRANGECHARM

4

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2



Bound States 
and Dynamics 

of QCD Nuclear Physics


Hadrons in nuclei 

Hyperon-nucleon dynamics 

Hyper-atoms and nuclei

CBM, HYPHI, JPARC, … 

PANDA physics overview

Nucleon Structure


Generalized Parton Distributions 

Transition Distribution Amplitudes 

Time-like Form Factors

BESIII, COMPASS, EIC, JLAB, … 

LIGHTSTRANGECHARM

5

Strangeness 


Strange baryon spectroscopy 

Hyperon production & polarization 

Hyperon transition form factors

BESIII, JLAB, JPARC, HADES, 
MAMI, ELSA, … 

Spectroscopy


Hidden/open-charm states 

Gluon-rich QCD states 

Light-meson systems

BELLEII, BESIII, COMPASS, 
JLAB, LHCb, …  

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2



Charmonium-like particles - terra incognita

6

Narrow states
Heavy charm quarks



Charmonium-like particles - terra incognita

pentaquark candidates

P(4450)

P(4380)
P(4312)

Precision
D

iscovery

6

Narrow states
Heavy charm quarks



Charmonium-like particles - terra incognita

pentaquark candidates

P(4450)

P(4380)
P(4312)

Precision
D

iscovery

Open charm threshold

6

Narrow states
Heavy charm quarks



Charmonium-like particles - terra incognita

pentaquark candidates

P(4450)

P(4380)
P(4312)

Precision
D

iscovery

Open charm threshold

6

04 June 2013 KVI 30

What is Zc(3900)?

Charged → It is not a conventional cc!

Tetraquark Hadronic molecule

 arXiv:1110.1333, 1303.6857
 arXiv:1304.0345, 1304.1301

 arXiv:1303.6608, 
1304.2882, 1304.1850

Most popular models
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 arXiv:1304.0345, 1304.1301

 arXiv:1303.6608, 
1304.2882, 1304.1850

Most popular models

Are they exotic hadrons?

  Exotic means non qq* or qqq structures ... what else?

  Strongly interacting clusters of hadrons: molecules
     [Voloshin; Tornqvist; Close; Braaten; Swanson...]

  Tetraquark mesons, Pentaquarks, ...
     [Maiani,Piccinini,Polosa,Riquer ...]

  Hybrids
     [Close, Kou&Pene, ...]

  Hadrocharmonium
     [Voloshin]

  Many exotic candidates have been identified among the so-called XYZ 
      particles.

πc c–
uu–

u– cuc–
c c–

g

c c–
π

π

Exotics

Narrow states
Heavy charm quarks
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Antiproton physics at

Charm and Exotics

High-spin states accessible by PANDA

→ goldmine for exotics e.g. glueballs

- Less populated
mass region?

- Less mixing? 

*Huber et al., Eur.Phys.J.C 81 (2021) 12, 1083
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PANDA has unique

discovery potential!

Antiproton physics at

Charm and Exotics
What kind of hadrons can be formed by quarks and gluons?
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pentaquark candidates

� < 1.2MeV

Strikingly narrow: 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

K∗0K−π++ c.c. < 9.7 × 10−3 CL=90% 1722

ppπ0 < 1.2 × 10−3 1595

ppπ+π− < 5.8 × 10−4 CL=90% 1544

ΛΛ < 1.2 × 10−4 CL=90% 1521

ppπ+π−π0 < 1.85 × 10−3 CL=90% 1490

ωpp < 2.9 × 10−4 CL=90% 1309

ΛΛπ0 < 1.2 × 10−3 CL=90% 1469

pp2(π+π−) < 2.6 × 10−3 CL=90% 1425

ηpp < 5.4 × 10−4 CL=90% 1430

ηppπ+π− < 3.3 × 10−3 CL=90% 1284

ρ0pp < 1.7 × 10−3 CL=90% 1313

ppK+K− < 3.2 × 10−4 CL=90% 1185

ηppK+K− < 6.9 × 10−3 CL=90% 736

π0ppK+K− < 1.2 × 10−3 CL=90% 1093

φpp < 1.3 × 10−4 CL=90% 1178

ΛΛπ+π− < 2.5 × 10−4 CL=90% 1405

ΛpK+ < 2.8 × 10−4 CL=90% 1387

ΛpK+π+π− < 6.3 × 10−4 CL=90% 1234

Radiative decaysRadiative decaysRadiative decaysRadiative decays
γχc2 < 9 × 10−4 CL=90% 211

γχc1 ( 2.9 ±0.6 ) × 10−3 253

γχc0 ( 7.3 ±0.9 ) × 10−3 341

γη′ < 1.8 × 10−4 CL=90% 1765

γη < 1.5 × 10−4 CL=90% 1847

γπ0 < 2 × 10−4 CL=90% 1884

X (3872)X (3872)X (3872)X (3872) IG (JPC ) = 0+(1 + +)

Mass m = 3871.68 ± 0.17 MeV
mX (3872) − mJ/ψ = 775 ± 4 MeV
mX (3872) − mψ(2S)
Full width Γ < 1.2 MeV, CL = 90%

X (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

π+π− J/ψ(1S) > 2.6 % 650

ωJ/ψ(1S) > 1.9 % †
D0D0 π0 >32 % 116

D∗0D0 >24 % †
γ J/ψ > 6 × 10−3 697

γψ(2S) [vvaa] > 3.0 % 181

π+π−ηc (1S) not seen 746

HTTP://PDG.LBL.GOV Page 135 Created: 7/12/2013 14:49

Line-shape study of the X(3872)

8

P(4450)

P(4380)
P(4312)

*recent LHCb observation: 
 width=1.4 MeV assuming Breit-Wigner resonance 

Antiproton physics at

Charm and Exotics

Case study of X(3872) aka χ𝑐1(3872):

• At the 𝐷ഥ𝐷∗ threshold

• 𝐽𝑃𝐶 = 1++

• Nature?
- Compact state (Breit-Wigner)?
- Flatté model:

→Molecular?
→ Virtual?

• Width assuming B-W: 
Γ = 1.39 ∓ 0.24 ∓ 0.10  MeV (LHCb 2020*)

• Width assuming Flatté model:
FWHM = 0.22−0.08−0.17+0.06+0.25 MeV (LHCb 2020*))

→ Not possible to distinguish by LHCb

8

LHCb: Phys. Rev. D 102, 9, 092005 (2020)*
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→ Not possible to distinguish by LHCb

8

LHCb: Phys. Rev. D 102, 9, 092005 (2020)*



pentaquark candidates

� < 1.2MeV

Strikingly narrow: 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)
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Mass m = 3871.68 ± 0.17 MeV
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Full width Γ < 1.2 MeV, CL = 90%

X (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODES Fraction (Γi /Γ) p (MeV/c)
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π+π−ηc (1S) not seen 746

HTTP://PDG.LBL.GOV Page 135 Created: 7/12/2013 14:49

Line-shape study of the X(3872)
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P(4450)

P(4380)
P(4312)

*recent LHCb observation: 
 width=1.4 MeV assuming Breit-Wigner resonance 

HL: High Luminosity

P1: Phase 1 

HR: High Resolution

Breit-Wigner

Scenario
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Charm and Exotics

Case study of X(3872) aka χ𝑐1(3872):

• At the 𝐷ഥ𝐷∗ threshold

• 𝐽𝑃𝐶 = 1++

• Nature?
- Compact state (Breit-Wigner)?
- Flatté model:

→Molecular?
→ Virtual?

• Width assuming B-W: 
Γ = 1.39 ∓ 0.24 ∓ 0.10  MeV (LHCb 2020*)

• Width assuming Flatté model:
FWHM = 0.22−0.08−0.17+0.06+0.25 MeV (LHCb 2020*))

→ Not possible to distinguish by LHCb

8

LHCb: Phys. Rev. D 102, 9, 092005 (2020)*
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Spectroscopy
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Gluon-rich QCD states 
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How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2



Hyperon dynamics
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Hyperon production

Strong production dynamics

• Relevant degrees of freedom?

• Strange versus charm sector?

• Role of spin?

28



Advantages of PANDA

• Measured cross sections of ground-state hyperons in  ҧ𝑝𝑝 → ത𝑌𝑌 1-100 μb*.
• Excited hyperon cross sections should to be similar to those of ground-states**.

→ Large expected production rates!
18

T. Johansson, AIP Conf. Proc. of LEAP 2003, p. 95.

* Mainly PS185 @ LEAR. Review by E. Klempt et al., Phys. Rept. 368 (2002) 119-316
**V. Flaminio et al., CERN-HERA 84-01

PANDA is a hyperon factory!
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Table 2: Results from simulation studies of the various production reactions of ground state hy-
perons. The efficiencies are exclusive, i.e. all final state particles are reconstructed.

pp (GeV/c) Reaction � (µb) Eff (%) Decay S/B Rate (s�1)
at 1031cm�2s�1

1.64 pp ! ⇤⇤ 64.0 [82] 15.7 ⇤ ! p⇡� 114 44
1.77 pp ! ⌃

0
⇤ 10.9 [82] 5.3 ⌃0 ! ⇤� > 11 (90% C.L.) 2.4

6.0 pp ! ⌃
0
⇤ 20.0 [91] 6.1 ⌃0 ! ⇤� 21 5.0

4.6 pp ! ⌅
+
⌅� 1.0 [77] 8.2 ⌅� ! ⇤⇡� 274 0.3

7.0 pp ! ⌅
+
⌅� 0.3 [77] 7.9 ⌅� ! ⇤⇡� 165 0.1

4.6 pp ! ⌅
⇤+

⌅� 1 7.9 ⌅̄⇤ ! ⇤K > 19 (90% C.L.) 0.2
⌅� ! ⇤⇡�

angle. In each bin, the polarization Pn and spin correlations Cij were reconstructed. The resulting
polarization distribution is shown in panel a) of Figure 8 with acceptance corrections and in panel
b) with the acceptance-independent method. The polarization distributions extracted with the two
independent methods agree with each other and with the input distribution which is reassuring.
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Figure 8: (a) Average polarization of the ⇤/⇤̄. (b) Average of the polarisations reconstructed
without any acceptance correction. The vertical error bars are statistical uncertainties only. The
horizontal bars are the bin widths. The red solid line mark the input polarization as a function of
cos ✓⇤

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 · 104 and 6.7 · 104, respectively, samples that can be
collected within a few days during Phase One. The resulting polarization as a function of cos ✓⌅
obtained at each energy are shown in Figure 9. The singlet fractions were calculated from the spin
correlations and are shown in Figure 10. A singlet fraction of 0 means that all ⌅�⌅̄+ 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. [79], the singlet fraction is predicted
to be 0 for forward-going ⌅̄+ and closer to 1 in the backward region. This is in contrast to the
single-strange case when the singlet fraction is almost independent of the scattering angle. The
results of the simulations shown in Figure 10 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.
[79].

5.2 Hyperon Spectroscopy
In light and strange baryon spectroscopy, we search for answers the following questions: i) to which
extent do the excitation spectra of baryons consisting of u, d, s follow the systematics of SU(3)
flavour symmetry? ii) which degrees of freedom are relevant for the excitation modes of baryons?
iii) how important is the dynamics in baryon-meson systems? iv) are there exotic baryon states,

15

Hyperon production prospects with PANDA

New simulation studies of single- and double-strange hyperons*:

• Exclusive measurements of
– ҧ𝑝𝑝 → ഥΛΛ, Λ → 𝑝π−, ഥΛ → ҧ𝑝π+.
– ҧ𝑝𝑝 → തΣ0Λ, Λ → 𝑝π−, തΣ0 → ഥΛγ, ഥΛ → ҧ𝑝π+.
– ҧ𝑝𝑝 → തΞ+Ξ−, Ξ− → Λ𝜋−, Λ → 𝑝π−, തΞ+ → ഥΛ𝜋+, ഥΛ → ҧ𝑝π+.

• Ideal pattern recognition and PID
• Background using Dual Parton Model

30

* By W. Ikegami-Andersson (talk at FAIRNESS 2019)
and G. Perez Andrade  (Master Thesis, Uppsala 2019)

pbeam (GeV/c) Reaction σ (μb) ε (%) Rate
@ 1031 cm-2s-1

S/B Events
/day

1.64 ҧ𝑝𝑝 → തΛΛ 64.0 16.0 44 s-1 114 3.8∙ 106

1.77 ҧ𝑝𝑝 → തΣ0Λ 10.9 5.3 2.4 s-1 >11** 207 000

6.0 ҧ𝑝𝑝 → തΣ0Λ 20 6.1 5.0 s-1 21 432 000

4.6 ҧ𝑝𝑝 → തΞ+Ξ− ~1 8.2 0.3-1 274 26000

7.0 ҧ𝑝𝑝 → തΞ+Ξ− ~0.3 7.9 0.1-1 65 8600
** 90% C.L.

Phase-1



PANDA is a hyperon factory!

Provides a rich set of polarisation & spin 
correlation observables!
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Figure 8: (a) Average polarization of the ⇤/⇤̄. (b) Average of the polarisations reconstructed
without any acceptance correction. The vertical error bars are statistical uncertainties only. The
horizontal bars are the bin widths. The red solid line mark the input polarization as a function of
cos ✓⇤

respect to the z-axis is shown as a function of cos ✓⇤. In (b), the average of the i) correlation Cxz

of the ⇤ spin with respect to the x-axis and the spin of the ⇤̄ also with respect to the z-axis and
the ii) correlation Czx of the ⇤ spin with respect to the z-axis and the spin of the ⇤̄ also with
respect to the x-axis. Symmetry requires Cxz = Czx. The reconstructed distributions reproduce
the input distributions well.

The statistical uncertainties are shown in Figure 10. They show that for a sample of 15700
events, collected within a few hours with the Phase One conditions, one can achieve a statistical
precision of the level of 0.5-1.5% for the polarization and 3-7 % for the spin correlations.
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Figure 9: The correlation between the ⇤ and the ⇤̄ spin with respect to the (a) z-axes and (b)
x-axis and z-axisvertical error bars are statistical uncertainties only. The horizontal bars are the
bin widths. The red solid line mark the input polarization as a function of cos ✓⇤

6.2 Hyperon Spectroscopy
In light and strange baryon spectroscopy we search for answers the following questions: i) to which
extent do the excitation spectra of baryons consisting of u, d, s follow the systematics of SU(3)
flavour symmetry? ii) which degrees of freedom are relevant for the excitation modes of baryons?
iii) how important is the dynamics in baryon-meson systems? iv) are there exotic baryon states,
e.g. pentaquarks or dibaryons?
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of freedom [87], meson exchange [88] and a combination of the two [89] have been developed569

for single-strange hyperons. The quark-gluon approach and the meson exchange approach have570

also been extended to the multi-strange sector [90, 91, 92]. Here, the interaction requires either571

annihilation of two quark-antiquark pairs, or in the meson picture, exchange of two kaons. This572

means that the interactions occur at shorter distances which make double-strange production more573

suitable for establishing the relevant degrees of freedom. The clearest difference between the quark-574

gluon picture and the kaon exchange picture is typically found in the predictions of spin observables575

e.g. polarization and spin correlations.576

Understanding the mechanism of hyperon production is also important in order to correctly577

interpret experimental data on other aspects of hyperons. One example is recent theoretical and578

experimental studies of the hyperon structure in e+e� ! ⇤⇤̄. In Ref. [93], the time-like form579

factors GE and GM were predicted, including their relative phase �� = �(GE) � �(GM ) that580

manifests itself in a polarised final state. Different potential models were applied, using p̄p ! ⇤̄⇤581

data from PS185 [94] as input. In the model predictions for of e+e� ! ⇤⇤̄, the total cross section582

and the form factor ratio R = |GE/GM | differ very little for different potentials. However, the583

relative phase �� and hence the ⇤ polarisation showed large sensitivity. New data from BESIII [95]584

provide an independent test of the ⇤⇤̄ potentials. Another example is hyperons and antihyperons585

in atomic nuclei, where it is crucial to understand the elementary p̄p ! Ȳ Y reactions in order to586

correctly interpret data from p̄A collisions.587

Spin observables are straight-forward to measure for ground-state hyperons thanks to their588

weak, self-analyzing decays. This means that the decay products are preferentially emitted along589

the direction of spin of the parent hadron. Consider a spin 1
2 hyperon Y decaying into a spin 1

2590

baryon B and a pseudoscalar meson M . The angular distribution of the daughter baryon B is591

related to the hyperon polarization by592

I(cos ✓B) =
1

4⇡
(1 + ↵Y Py cos ✓B) (1)

as illustrated in Fig. 7 a. The ↵Y [3] is the asymmetry parameter of the hyperon decay and593

related to the interference between the parity conserving and the parity violating decay amplitudes.594

The polarization Py is production related, and therefore it depends on the CMS energy / beam595

momentum and on the hyperon scattering angle. In strong production processes, such as p̄p ! Ȳ Y ,596

with unpolarized beam and target, the polarization can be non-zero normal to the production plane,597

spanned by the incoming antiproton beam and the outgoing anti-hyperon as shown in Fig. 7 b. Spin598

correlations between the produced hyperon and anti-hyperon are also accessible [96] and from these,599

the singlet fraction can be calculated, i.e. the fraction of the produced hyperon-antihyperon pairs600

that are produced in a spin singlet state. Additional information can be obtained from hyperons601

that decay into other hyperons, e.g. the ⌅. In the sequential decay ⌅� ! ⇤⇡�,⇤ ! p⇡�, the602

additional asymmetry parameters � and � of the ⌅� hyperon are accessible via the joint angular603

distribution of the ⇤ hyperons and the protons [97, 98]. For spin 3
2 hyperons, e.g. the ⌦�, the spin604

structure is more complicated. Only considering the polarization parameters of individual spin 3
2605

hyperons, we find that spin 3
2 hyperons produced in strong processes like pp ! ⌦+⌦� have seven606

non-zero polarization parameters. Three of these can be extracted from the ⇤ angular distribution607

in the ⌦� ! ⇤K� decay [99]. The remaining four parameters can be obtained by studying the608

joint angular distribution I(✓⇤,�⇤, ✓p,�p) of the ⇤ hyperons from the ⌦� decay and the protons609

from the subsequent ⇤ decay [98].610

5.1.1 Experimental status611

The PS185 collaboration have provided a large set of high-quality data on single-strange hyperons612

[94, 100] produced in antiproton-proton annihilation. One interesting finding is that the ⇤̄⇤ pair is613

produced almost exclusively in a spin triplet state. This can be explained of the ⇤ quark structure:614

the light u and d quarks form a spin 0 di-quark, whereas the spin of the ⇤ is carried by the s quark.615

Various theoretical investigations reproduce this finding [87, 88, 89], but no model can describe616

the complete spin structure of the reaction. The models extensions into the double-strange sector617

[90, 91] and even the triple-strange ⌦ [92], have not been experimentally tested due to the lack of618

data: For ⌅� and ⌅0 from p̄p annihilations, only a few bubble-chamber events exist [101], whereas619

no studies of triple-strange hyperon production has been carried out. As a result, further progress620

of this field is still pending. New data on the spin structure of pp ! Y Y for ground-state multi-621
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Antiproton physics at

Strangeness Physics

CP violation: 

• Clues about matter-antimatter
asymmetry.

• Established for 𝐾0, 𝐷0 and 𝐵0 mesons
→ quantified by weak phases
→ consistent with SM

• Not seen for baryons

→ Spin opens new doors?

17

*Donogue, He and Pakvasa, PRD 34, 833 (1986)

Weak decay: interference between parity-
conserving P-wave and parity-violation S-
wave amplitudes -> f.e. decay parameter  

“Self-analyzing” hyperon decays: angular 
distribution related to polarization.

<latexit sha1_base64="3IMCrkXRZmrwCHPA4PVUPIfOGdE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGN1O/9cSU5rG8N+OE+REOJA85RWOldhdFMsTeQ69ccavuDGSZeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNil1U80SpCMcsI6lEiOm/Wx274ScWKVPwljZkobM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhFd+xmWSGibpfFGYCmJiMn2e9Lli1IixJUgVt7cSOkSF1NiISjYEb/HlZdI8q3oX1fO780rtOo+jCEdwDKfgwSXU4Bbq0AAKAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8A9F+P7Q==</latexit>↵Y



PANDA is a hyperon factory!

Provides a rich set of polarisation & spin 
correlation observables!
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Figure 8: (a) Average polarization of the ⇤/⇤̄. (b) Average of the polarisations reconstructed
without any acceptance correction. The vertical error bars are statistical uncertainties only. The
horizontal bars are the bin widths. The red solid line mark the input polarization as a function of
cos ✓⇤

respect to the z-axis is shown as a function of cos ✓⇤. In (b), the average of the i) correlation Cxz

of the ⇤ spin with respect to the x-axis and the spin of the ⇤̄ also with respect to the z-axis and
the ii) correlation Czx of the ⇤ spin with respect to the z-axis and the spin of the ⇤̄ also with
respect to the x-axis. Symmetry requires Cxz = Czx. The reconstructed distributions reproduce
the input distributions well.

The statistical uncertainties are shown in Figure 10. They show that for a sample of 15700
events, collected within a few hours with the Phase One conditions, one can achieve a statistical
precision of the level of 0.5-1.5% for the polarization and 3-7 % for the spin correlations.
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Figure 9: The correlation between the ⇤ and the ⇤̄ spin with respect to the (a) z-axes and (b)
x-axis and z-axisvertical error bars are statistical uncertainties only. The horizontal bars are the
bin widths. The red solid line mark the input polarization as a function of cos ✓⇤

6.2 Hyperon Spectroscopy
In light and strange baryon spectroscopy we search for answers the following questions: i) to which
extent do the excitation spectra of baryons consisting of u, d, s follow the systematics of SU(3)
flavour symmetry? ii) which degrees of freedom are relevant for the excitation modes of baryons?
iii) how important is the dynamics in baryon-meson systems? iv) are there exotic baryon states,
e.g. pentaquarks or dibaryons?
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of freedom [87], meson exchange [88] and a combination of the two [89] have been developed569

for single-strange hyperons. The quark-gluon approach and the meson exchange approach have570

also been extended to the multi-strange sector [90, 91, 92]. Here, the interaction requires either571

annihilation of two quark-antiquark pairs, or in the meson picture, exchange of two kaons. This572

means that the interactions occur at shorter distances which make double-strange production more573

suitable for establishing the relevant degrees of freedom. The clearest difference between the quark-574

gluon picture and the kaon exchange picture is typically found in the predictions of spin observables575

e.g. polarization and spin correlations.576

Understanding the mechanism of hyperon production is also important in order to correctly577

interpret experimental data on other aspects of hyperons. One example is recent theoretical and578

experimental studies of the hyperon structure in e+e� ! ⇤⇤̄. In Ref. [93], the time-like form579

factors GE and GM were predicted, including their relative phase �� = �(GE) � �(GM ) that580

manifests itself in a polarised final state. Different potential models were applied, using p̄p ! ⇤̄⇤581

data from PS185 [94] as input. In the model predictions for of e+e� ! ⇤⇤̄, the total cross section582

and the form factor ratio R = |GE/GM | differ very little for different potentials. However, the583

relative phase �� and hence the ⇤ polarisation showed large sensitivity. New data from BESIII [95]584

provide an independent test of the ⇤⇤̄ potentials. Another example is hyperons and antihyperons585

in atomic nuclei, where it is crucial to understand the elementary p̄p ! Ȳ Y reactions in order to586

correctly interpret data from p̄A collisions.587

Spin observables are straight-forward to measure for ground-state hyperons thanks to their588

weak, self-analyzing decays. This means that the decay products are preferentially emitted along589

the direction of spin of the parent hadron. Consider a spin 1
2 hyperon Y decaying into a spin 1
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baryon B and a pseudoscalar meson M . The angular distribution of the daughter baryon B is591

related to the hyperon polarization by592

I(cos ✓B) =
1

4⇡
(1 + ↵Y Py cos ✓B) (1)

as illustrated in Fig. 7 a. The ↵Y [3] is the asymmetry parameter of the hyperon decay and593

related to the interference between the parity conserving and the parity violating decay amplitudes.594

The polarization Py is production related, and therefore it depends on the CMS energy / beam595

momentum and on the hyperon scattering angle. In strong production processes, such as p̄p ! Ȳ Y ,596

with unpolarized beam and target, the polarization can be non-zero normal to the production plane,597

spanned by the incoming antiproton beam and the outgoing anti-hyperon as shown in Fig. 7 b. Spin598

correlations between the produced hyperon and anti-hyperon are also accessible [96] and from these,599

the singlet fraction can be calculated, i.e. the fraction of the produced hyperon-antihyperon pairs600

that are produced in a spin singlet state. Additional information can be obtained from hyperons601

that decay into other hyperons, e.g. the ⌅. In the sequential decay ⌅� ! ⇤⇡�,⇤ ! p⇡�, the602

additional asymmetry parameters � and � of the ⌅� hyperon are accessible via the joint angular603

distribution of the ⇤ hyperons and the protons [97, 98]. For spin 3
2 hyperons, e.g. the ⌦�, the spin604

structure is more complicated. Only considering the polarization parameters of individual spin 3
2605

hyperons, we find that spin 3
2 hyperons produced in strong processes like pp ! ⌦+⌦� have seven606

non-zero polarization parameters. Three of these can be extracted from the ⇤ angular distribution607

in the ⌦� ! ⇤K� decay [99]. The remaining four parameters can be obtained by studying the608

joint angular distribution I(✓⇤,�⇤, ✓p,�p) of the ⇤ hyperons from the ⌦� decay and the protons609

from the subsequent ⇤ decay [98].610

5.1.1 Experimental status611

The PS185 collaboration have provided a large set of high-quality data on single-strange hyperons612

[94, 100] produced in antiproton-proton annihilation. One interesting finding is that the ⇤̄⇤ pair is613

produced almost exclusively in a spin triplet state. This can be explained of the ⇤ quark structure:614

the light u and d quarks form a spin 0 di-quark, whereas the spin of the ⇤ is carried by the s quark.615

Various theoretical investigations reproduce this finding [87, 88, 89], but no model can describe616

the complete spin structure of the reaction. The models extensions into the double-strange sector617

[90, 91] and even the triple-strange ⌦ [92], have not been experimentally tested due to the lack of618

data: For ⌅� and ⌅0 from p̄p annihilations, only a few bubble-chamber events exist [101], whereas619

no studies of triple-strange hyperon production has been carried out. As a result, further progress620

of this field is still pending. New data on the spin structure of pp ! Y Y for ground-state multi-621
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• Clues about matter-antimatter
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• Established for 𝐾0, 𝐷0 and 𝐵0 mesons
→ quantified by weak phases
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• Not seen for baryons

→ Spin opens new doors?
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Weak decay: interference between parity-
conserving P-wave and parity-violation S-
wave amplitudes -> f.e. decay parameter  

“Self-analyzing” hyperon decays: angular 
distribution related to polarization.

Test of matter-antimatter asymmetry!
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as illustrated in Fig. 1. This means that the longitudinal (ẑ) component 
depends on αΞ, and the transversal components are rotated by the 
angle φΞ with respect to the Ξ− polarization.

The decay parameter αΞ appears explicitly in the angular distribution 
of the direct decay Ξ− → Λπ−, whereas the sequential decay distribution 
of the daughter Λ depends on both αΛ and φΞ. CP symmetry implies 
that the baryon decay parameters α and φ equal those of the antibaryon 
α  and φ  but with opposite sign. Hence, CP violation can be quantified 
in terms of the observables

A
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CP violation can only be observed if there is interference between 
CP-even and CP-odd terms in the decay amplitude. Because the decay 
amplitude for Ξ− → Λπ− consists of both a P-wave and an S-wave part, the 
leading-order contribution to the CP asymmetry, AΞ

CP, can be written as

A δ δ ξ ξ≈ − tan( − )tan( − ), (4)Ξ
CP P S P S

where tan(δP − δS) = β/α denotes the strong-phase difference of the 
final-state interaction between the Λ and π− from the Ξ− decay. 
CP-violating effects would manifest themselves in a nonzero weak-phase 
difference ξP − ξS (refs. 22–24), an observable that is complementary to 
the kaon decay parameter ε′ (refs. 13,14,25) because the latter only involves 
an S-wave. The strong-phase difference can be extracted from the φΞ 
parameter, and is found to be small3,26: (−0.037 ± 0.014). Hence, 
CP-violating signals in AΞ

CP are strongly suppressed and difficult to 
interpret in terms of the weak-phase difference.

An independent CP-symmetry test in Ξ− → Λπ− is provided by deter-
mining the value of ∆φCP. At leading order, this observable is related 
directly to the weak-phase difference:

〈 〉
〈 〉ξ ξ

β β
α α

α
α

∆φ( − ) =
+
−

≈
1 −

, (5)
P S LO

2

CP

where α α α= ( − )/2〈 〉 , and can be measured even if δP = δS. The absence 
of a strong suppression factor therefore improves the sensitivity to 
CP-violation effects by an order of magnitude with respect to that of 
the AΞ

CP observable22,23. To measure ∆φCP using the standard polarim-
eter technique from refs.21,28 requires beams of polarized Ξ− and Ξ +. In 
such experiments the precision is limited by the magnitude of the 
polarization and the accuracy of the polarization determination, which 
in turn is sensitive to asymmetries in the production mechanisms27. In 
fact, no experiment with a polarized Ξ + has been performed, and the 
polarization of the Ξ− beams were below 5% (ref. 3). Here we present an 
alternative approach, in which the baryon–antibaryon pair is produced 
in a spin-entangled CP eigenstate and all decay sequences are analysed 
simultaneously.

To the best of our knowledge, no direct measurements of any of the 
asymmetries defined in equation (3) have been performed for the Ξ− 
baryon. The HyperCP experiment28, designed for the purpose of CP tests 
in baryon decays, used samples of around 107–108 Ξ− and Ξ + events to 
determine the products αΞαΛ and α α¯ ¯Ξ Λ. From these measurements, the 
sum A A+Λ Ξ

CP CP was estimated to be (0.0 ± 5.5 ± 4.4) × 10−4, where the first 
uncertainty is statistical and the second systematic. In addition to the 
aforementioned problem of the smallness of φΞ, which limits the sensi-
tivity of AΞ

CP to CP violation, an observable defined as the sum of asym-
metries comes with other drawbacks: if AΛ

CP and AΞ
CP have opposite signs, 

the sum could be consistent with zero even in the presence of CP-violating 
effects. A precise interpretation therefore requires an independent 
measurement of AΛ

CP with matching precision. The most precise result 
so far is a recent BESIII measurement4 where AΛ

CP was found to be (−6 ± 
12 ± 7) × 10−3. Furthermore, ref. 4 revealed a 17% disagreement with previ-
ous measurements on the αΛ parameter26, a result that rapidly gained 
some support from a re-analysis of CLAS data5. Although the CLAS result 
is in better agreement with BESIII than with the Particle Data Group value 
from 2018 and earlier, there is a discrepancy between the CLAS and BESIII 
results that needs to be understood. This is particularly important 
because many physics quantities from various fields depend on the 
parameter αΛ. Examples include baryon spectroscopy, heavy-ion phys-
ics and hyperon-related studies at the Large Hadron Collider29–34.

In this work we apply a newly designed method2,35 to study entangled, 
sequentially decaying baryon–antibaryon pairs in the process 
e e J ψ Ξ Ξ→ / →+ − − +. This approach enables a direct measurement of all 
weak decay parameters of the Ξ− → Λπ−, Λ → pπ− decay, and the corre-
sponding parameters of the Ξ̄+ . The production and multi-step decays 
can be described by nine kinematic variables, here expressed as the 
helicity angles ξ θ θ φ θ φ θ φ θ φ= ( , , , , , , , , )Λ Λ Λ Λ p p p p . The first, θ, is the 
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Fig. 1 | Illustration of the polarization vectors of Ξ− and Λ in relation to the 
decay parameters α, β and γ of the Ξ− → Λπ− decay. The Λ polarization PΛ has a 
component in the longitudinal as well as the transverse direction, where the 
former (ẑ) is defined by the Λ momentum. The longitudinal component 

depends on the Λ emission angle and arises from the transferred Ξ− polarization 

ΞP  combined with the decay parameter α. The remaining Ξ− polarization is 
transferred to the transverse components according to Pβ Ξ  (x̂) and PγΞ Ξ  (ŷ). 
Quarks: d, down; s, strange; u, up; u , antiup.
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Challenge: Hadron decays an interplay of strong and weak processes!

Example 1, 𝑌 → 𝐵𝑀:

𝐴𝐶𝑃 =
α+ഥα
α−ഥα

≈ −tan 𝛿𝑝 − 𝛿𝑠 tan(ξ𝑝 − ξ𝑠) *

Example 2, 𝑌1 → 𝑌2𝑀1 → 𝐵𝑀2𝑀1:
∆ϕ𝐶𝑃=

ϕ+ഥϕ
2

≈ 𝛼
1−𝛼2

(ξ𝑝 − ξ𝑠)𝐿𝑂*

→More sensitive to CP violating effects!
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as illustrated in Fig. 1. This means that the longitudinal (ẑ) component 
depends on αΞ, and the transversal components are rotated by the 
angle φΞ with respect to the Ξ− polarization.

The decay parameter αΞ appears explicitly in the angular distribution 
of the direct decay Ξ− → Λπ−, whereas the sequential decay distribution 
of the daughter Λ depends on both αΛ and φΞ. CP symmetry implies 
that the baryon decay parameters α and φ equal those of the antibaryon 
α  and φ  but with opposite sign. Hence, CP violation can be quantified 
in terms of the observables

A
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CP violation can only be observed if there is interference between 
CP-even and CP-odd terms in the decay amplitude. Because the decay 
amplitude for Ξ− → Λπ− consists of both a P-wave and an S-wave part, the 
leading-order contribution to the CP asymmetry, AΞ

CP, can be written as

A δ δ ξ ξ≈ − tan( − )tan( − ), (4)Ξ
CP P S P S

where tan(δP − δS) = β/α denotes the strong-phase difference of the 
final-state interaction between the Λ and π− from the Ξ− decay. 
CP-violating effects would manifest themselves in a nonzero weak-phase 
difference ξP − ξS (refs. 22–24), an observable that is complementary to 
the kaon decay parameter ε′ (refs. 13,14,25) because the latter only involves 
an S-wave. The strong-phase difference can be extracted from the φΞ 
parameter, and is found to be small3,26: (−0.037 ± 0.014). Hence, 
CP-violating signals in AΞ

CP are strongly suppressed and difficult to 
interpret in terms of the weak-phase difference.

An independent CP-symmetry test in Ξ− → Λπ− is provided by deter-
mining the value of ∆φCP. At leading order, this observable is related 
directly to the weak-phase difference:
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where α α α= ( − )/2〈 〉 , and can be measured even if δP = δS. The absence 
of a strong suppression factor therefore improves the sensitivity to 
CP-violation effects by an order of magnitude with respect to that of 
the AΞ

CP observable22,23. To measure ∆φCP using the standard polarim-
eter technique from refs.21,28 requires beams of polarized Ξ− and Ξ +. In 
such experiments the precision is limited by the magnitude of the 
polarization and the accuracy of the polarization determination, which 
in turn is sensitive to asymmetries in the production mechanisms27. In 
fact, no experiment with a polarized Ξ + has been performed, and the 
polarization of the Ξ− beams were below 5% (ref. 3). Here we present an 
alternative approach, in which the baryon–antibaryon pair is produced 
in a spin-entangled CP eigenstate and all decay sequences are analysed 
simultaneously.

To the best of our knowledge, no direct measurements of any of the 
asymmetries defined in equation (3) have been performed for the Ξ− 
baryon. The HyperCP experiment28, designed for the purpose of CP tests 
in baryon decays, used samples of around 107–108 Ξ− and Ξ + events to 
determine the products αΞαΛ and α α¯ ¯Ξ Λ. From these measurements, the 
sum A A+Λ Ξ

CP CP was estimated to be (0.0 ± 5.5 ± 4.4) × 10−4, where the first 
uncertainty is statistical and the second systematic. In addition to the 
aforementioned problem of the smallness of φΞ, which limits the sensi-
tivity of AΞ

CP to CP violation, an observable defined as the sum of asym-
metries comes with other drawbacks: if AΛ

CP and AΞ
CP have opposite signs, 

the sum could be consistent with zero even in the presence of CP-violating 
effects. A precise interpretation therefore requires an independent 
measurement of AΛ

CP with matching precision. The most precise result 
so far is a recent BESIII measurement4 where AΛ

CP was found to be (−6 ± 
12 ± 7) × 10−3. Furthermore, ref. 4 revealed a 17% disagreement with previ-
ous measurements on the αΛ parameter26, a result that rapidly gained 
some support from a re-analysis of CLAS data5. Although the CLAS result 
is in better agreement with BESIII than with the Particle Data Group value 
from 2018 and earlier, there is a discrepancy between the CLAS and BESIII 
results that needs to be understood. This is particularly important 
because many physics quantities from various fields depend on the 
parameter αΛ. Examples include baryon spectroscopy, heavy-ion phys-
ics and hyperon-related studies at the Large Hadron Collider29–34.

In this work we apply a newly designed method2,35 to study entangled, 
sequentially decaying baryon–antibaryon pairs in the process 
e e J ψ Ξ Ξ→ / →+ − − +. This approach enables a direct measurement of all 
weak decay parameters of the Ξ− → Λπ−, Λ → pπ− decay, and the corre-
sponding parameters of the Ξ̄+ . The production and multi-step decays 
can be described by nine kinematic variables, here expressed as the 
helicity angles ξ θ θ φ θ φ θ φ θ φ= ( , , , , , , , , )Λ Λ Λ Λ p p p p . The first, θ, is the 
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Fig. 1 | Illustration of the polarization vectors of Ξ− and Λ in relation to the 
decay parameters α, β and γ of the Ξ− → Λπ− decay. The Λ polarization PΛ has a 
component in the longitudinal as well as the transverse direction, where the 
former (ẑ) is defined by the Λ momentum. The longitudinal component 

depends on the Λ emission angle and arises from the transferred Ξ− polarization 

ΞP  combined with the decay parameter α. The remaining Ξ− polarization is 
transferred to the transverse components according to Pβ Ξ  (x̂) and PγΞ Ξ  (ŷ). 
Quarks: d, down; s, strange; u, up; u , antiup.

Decouples strong and weak phases
—> very sensitive to CPV!
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as illustrated in Fig. 1. This means that the longitudinal (ẑ) component 
depends on αΞ, and the transversal components are rotated by the 
angle φΞ with respect to the Ξ− polarization.

The decay parameter αΞ appears explicitly in the angular distribution 
of the direct decay Ξ− → Λπ−, whereas the sequential decay distribution 
of the daughter Λ depends on both αΛ and φΞ. CP symmetry implies 
that the baryon decay parameters α and φ equal those of the antibaryon 
α  and φ  but with opposite sign. Hence, CP violation can be quantified 
in terms of the observables
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CP violation can only be observed if there is interference between 
CP-even and CP-odd terms in the decay amplitude. Because the decay 
amplitude for Ξ− → Λπ− consists of both a P-wave and an S-wave part, the 
leading-order contribution to the CP asymmetry, AΞ

CP, can be written as

A δ δ ξ ξ≈ − tan( − )tan( − ), (4)Ξ
CP P S P S

where tan(δP − δS) = β/α denotes the strong-phase difference of the 
final-state interaction between the Λ and π− from the Ξ− decay. 
CP-violating effects would manifest themselves in a nonzero weak-phase 
difference ξP − ξS (refs. 22–24), an observable that is complementary to 
the kaon decay parameter ε′ (refs. 13,14,25) because the latter only involves 
an S-wave. The strong-phase difference can be extracted from the φΞ 
parameter, and is found to be small3,26: (−0.037 ± 0.014). Hence, 
CP-violating signals in AΞ

CP are strongly suppressed and difficult to 
interpret in terms of the weak-phase difference.

An independent CP-symmetry test in Ξ− → Λπ− is provided by deter-
mining the value of ∆φCP. At leading order, this observable is related 
directly to the weak-phase difference:
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where α α α= ( − )/2〈 〉 , and can be measured even if δP = δS. The absence 
of a strong suppression factor therefore improves the sensitivity to 
CP-violation effects by an order of magnitude with respect to that of 
the AΞ

CP observable22,23. To measure ∆φCP using the standard polarim-
eter technique from refs.21,28 requires beams of polarized Ξ− and Ξ +. In 
such experiments the precision is limited by the magnitude of the 
polarization and the accuracy of the polarization determination, which 
in turn is sensitive to asymmetries in the production mechanisms27. In 
fact, no experiment with a polarized Ξ + has been performed, and the 
polarization of the Ξ− beams were below 5% (ref. 3). Here we present an 
alternative approach, in which the baryon–antibaryon pair is produced 
in a spin-entangled CP eigenstate and all decay sequences are analysed 
simultaneously.

To the best of our knowledge, no direct measurements of any of the 
asymmetries defined in equation (3) have been performed for the Ξ− 
baryon. The HyperCP experiment28, designed for the purpose of CP tests 
in baryon decays, used samples of around 107–108 Ξ− and Ξ + events to 
determine the products αΞαΛ and α α¯ ¯Ξ Λ. From these measurements, the 
sum A A+Λ Ξ

CP CP was estimated to be (0.0 ± 5.5 ± 4.4) × 10−4, where the first 
uncertainty is statistical and the second systematic. In addition to the 
aforementioned problem of the smallness of φΞ, which limits the sensi-
tivity of AΞ

CP to CP violation, an observable defined as the sum of asym-
metries comes with other drawbacks: if AΛ

CP and AΞ
CP have opposite signs, 

the sum could be consistent with zero even in the presence of CP-violating 
effects. A precise interpretation therefore requires an independent 
measurement of AΛ

CP with matching precision. The most precise result 
so far is a recent BESIII measurement4 where AΛ

CP was found to be (−6 ± 
12 ± 7) × 10−3. Furthermore, ref. 4 revealed a 17% disagreement with previ-
ous measurements on the αΛ parameter26, a result that rapidly gained 
some support from a re-analysis of CLAS data5. Although the CLAS result 
is in better agreement with BESIII than with the Particle Data Group value 
from 2018 and earlier, there is a discrepancy between the CLAS and BESIII 
results that needs to be understood. This is particularly important 
because many physics quantities from various fields depend on the 
parameter αΛ. Examples include baryon spectroscopy, heavy-ion phys-
ics and hyperon-related studies at the Large Hadron Collider29–34.
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Fig. 1 | Illustration of the polarization vectors of Ξ− and Λ in relation to the 
decay parameters α, β and γ of the Ξ− → Λπ− decay. The Λ polarization PΛ has a 
component in the longitudinal as well as the transverse direction, where the 
former (ẑ) is defined by the Λ momentum. The longitudinal component 

depends on the Λ emission angle and arises from the transferred Ξ− polarization 

ΞP  combined with the decay parameter α. The remaining Ξ− polarization is 
transferred to the transverse components according to Pβ Ξ  (x̂) and PγΞ Ξ  (ŷ). 
Quarks: d, down; s, strange; u, up; u , antiup.
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Precision CP tests

18*Donogue, He and Pakvasa, PRD 34, 833 (1986)

Challenge: Hadron decays an interplay of strong and weak processes!

Example 1, 𝑌 → 𝐵𝑀:

𝐴𝐶𝑃 =
α+ഥα
α−ഥα

≈ −tan 𝛿𝑝 − 𝛿𝑠 tan(ξ𝑝 − ξ𝑠) *

Example 2, 𝑌1 → 𝑌2𝑀1 → 𝐵𝑀2𝑀1:
∆ϕ𝐶𝑃=

ϕ+ഥϕ
2

≈ 𝛼
1−𝛼2

(ξ𝑝 − ξ𝑠)𝐿𝑂*

→More sensitive to CP violating effects!
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as illustrated in Fig. 1. This means that the longitudinal (ẑ) component 
depends on αΞ, and the transversal components are rotated by the 
angle φΞ with respect to the Ξ− polarization.

The decay parameter αΞ appears explicitly in the angular distribution 
of the direct decay Ξ− → Λπ−, whereas the sequential decay distribution 
of the daughter Λ depends on both αΛ and φΞ. CP symmetry implies 
that the baryon decay parameters α and φ equal those of the antibaryon 
α  and φ  but with opposite sign. Hence, CP violation can be quantified 
in terms of the observables
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CP violation can only be observed if there is interference between 
CP-even and CP-odd terms in the decay amplitude. Because the decay 
amplitude for Ξ− → Λπ− consists of both a P-wave and an S-wave part, the 
leading-order contribution to the CP asymmetry, AΞ

CP, can be written as

A δ δ ξ ξ≈ − tan( − )tan( − ), (4)Ξ
CP P S P S

where tan(δP − δS) = β/α denotes the strong-phase difference of the 
final-state interaction between the Λ and π− from the Ξ− decay. 
CP-violating effects would manifest themselves in a nonzero weak-phase 
difference ξP − ξS (refs. 22–24), an observable that is complementary to 
the kaon decay parameter ε′ (refs. 13,14,25) because the latter only involves 
an S-wave. The strong-phase difference can be extracted from the φΞ 
parameter, and is found to be small3,26: (−0.037 ± 0.014). Hence, 
CP-violating signals in AΞ

CP are strongly suppressed and difficult to 
interpret in terms of the weak-phase difference.

An independent CP-symmetry test in Ξ− → Λπ− is provided by deter-
mining the value of ∆φCP. At leading order, this observable is related 
directly to the weak-phase difference:
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+
−
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, (5)
P S LO
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where α α α= ( − )/2〈 〉 , and can be measured even if δP = δS. The absence 
of a strong suppression factor therefore improves the sensitivity to 
CP-violation effects by an order of magnitude with respect to that of 
the AΞ

CP observable22,23. To measure ∆φCP using the standard polarim-
eter technique from refs.21,28 requires beams of polarized Ξ− and Ξ +. In 
such experiments the precision is limited by the magnitude of the 
polarization and the accuracy of the polarization determination, which 
in turn is sensitive to asymmetries in the production mechanisms27. In 
fact, no experiment with a polarized Ξ + has been performed, and the 
polarization of the Ξ− beams were below 5% (ref. 3). Here we present an 
alternative approach, in which the baryon–antibaryon pair is produced 
in a spin-entangled CP eigenstate and all decay sequences are analysed 
simultaneously.

To the best of our knowledge, no direct measurements of any of the 
asymmetries defined in equation (3) have been performed for the Ξ− 
baryon. The HyperCP experiment28, designed for the purpose of CP tests 
in baryon decays, used samples of around 107–108 Ξ− and Ξ + events to 
determine the products αΞαΛ and α α¯ ¯Ξ Λ. From these measurements, the 
sum A A+Λ Ξ

CP CP was estimated to be (0.0 ± 5.5 ± 4.4) × 10−4, where the first 
uncertainty is statistical and the second systematic. In addition to the 
aforementioned problem of the smallness of φΞ, which limits the sensi-
tivity of AΞ

CP to CP violation, an observable defined as the sum of asym-
metries comes with other drawbacks: if AΛ

CP and AΞ
CP have opposite signs, 

the sum could be consistent with zero even in the presence of CP-violating 
effects. A precise interpretation therefore requires an independent 
measurement of AΛ

CP with matching precision. The most precise result 
so far is a recent BESIII measurement4 where AΛ

CP was found to be (−6 ± 
12 ± 7) × 10−3. Furthermore, ref. 4 revealed a 17% disagreement with previ-
ous measurements on the αΛ parameter26, a result that rapidly gained 
some support from a re-analysis of CLAS data5. Although the CLAS result 
is in better agreement with BESIII than with the Particle Data Group value 
from 2018 and earlier, there is a discrepancy between the CLAS and BESIII 
results that needs to be understood. This is particularly important 
because many physics quantities from various fields depend on the 
parameter αΛ. Examples include baryon spectroscopy, heavy-ion phys-
ics and hyperon-related studies at the Large Hadron Collider29–34.

In this work we apply a newly designed method2,35 to study entangled, 
sequentially decaying baryon–antibaryon pairs in the process 
e e J ψ Ξ Ξ→ / →+ − − +. This approach enables a direct measurement of all 
weak decay parameters of the Ξ− → Λπ−, Λ → pπ− decay, and the corre-
sponding parameters of the Ξ̄+ . The production and multi-step decays 
can be described by nine kinematic variables, here expressed as the 
helicity angles ξ θ θ φ θ φ θ φ θ φ= ( , , , , , , , , )Λ Λ Λ Λ p p p p . The first, θ, is the 
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Fig. 1 | Illustration of the polarization vectors of Ξ− and Λ in relation to the 
decay parameters α, β and γ of the Ξ− → Λπ− decay. The Λ polarization PΛ has a 
component in the longitudinal as well as the transverse direction, where the 
former (ẑ) is defined by the Λ momentum. The longitudinal component 

depends on the Λ emission angle and arises from the transferred Ξ− polarization 

ΞP  combined with the decay parameter α. The remaining Ξ− polarization is 
transferred to the transverse components according to Pβ Ξ  (x̂) and PγΞ Ξ  (ŷ). 
Quarks: d, down; s, strange; u, up; u , antiup.

Decouples strong and weak phases
—> very sensitive to CPV!
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CP violation can only be observed if there is interference between 
CP-even and CP-odd terms in the decay amplitude. Because the decay 
amplitude for Ξ− → Λπ− consists of both a P-wave and an S-wave part, the 
leading-order contribution to the CP asymmetry, AΞ

CP, can be written as
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where tan(δP − δS) = β/α denotes the strong-phase difference of the 
final-state interaction between the Λ and π− from the Ξ− decay. 
CP-violating effects would manifest themselves in a nonzero weak-phase 
difference ξP − ξS (refs. 22–24), an observable that is complementary to 
the kaon decay parameter ε′ (refs. 13,14,25) because the latter only involves 
an S-wave. The strong-phase difference can be extracted from the φΞ 
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interpret in terms of the weak-phase difference.
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CP-violation effects by an order of magnitude with respect to that of 
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such experiments the precision is limited by the magnitude of the 
polarization and the accuracy of the polarization determination, which 
in turn is sensitive to asymmetries in the production mechanisms27. In 
fact, no experiment with a polarized Ξ + has been performed, and the 
polarization of the Ξ− beams were below 5% (ref. 3). Here we present an 
alternative approach, in which the baryon–antibaryon pair is produced 
in a spin-entangled CP eigenstate and all decay sequences are analysed 
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so far is a recent BESIII measurement4 where AΛ

CP was found to be (−6 ± 
12 ± 7) × 10−3. Furthermore, ref. 4 revealed a 17% disagreement with previ-
ous measurements on the αΛ parameter26, a result that rapidly gained 
some support from a re-analysis of CLAS data5. Although the CLAS result 
is in better agreement with BESIII than with the Particle Data Group value 
from 2018 and earlier, there is a discrepancy between the CLAS and BESIII 
results that needs to be understood. This is particularly important 
because many physics quantities from various fields depend on the 
parameter αΛ. Examples include baryon spectroscopy, heavy-ion phys-
ics and hyperon-related studies at the Large Hadron Collider29–34.

In this work we apply a newly designed method2,35 to study entangled, 
sequentially decaying baryon–antibaryon pairs in the process 
e e J ψ Ξ Ξ→ / →+ − − +. This approach enables a direct measurement of all 
weak decay parameters of the Ξ− → Λπ−, Λ → pπ− decay, and the corre-
sponding parameters of the Ξ̄+ . The production and multi-step decays 
can be described by nine kinematic variables, here expressed as the 
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Fig. 1 | Illustration of the polarization vectors of Ξ− and Λ in relation to the 
decay parameters α, β and γ of the Ξ− → Λπ− decay. The Λ polarization PΛ has a 
component in the longitudinal as well as the transverse direction, where the 
former (ẑ) is defined by the Λ momentum. The longitudinal component 

depends on the Λ emission angle and arises from the transferred Ξ− polarization 

ΞP  combined with the decay parameter α. The remaining Ξ− polarization is 
transferred to the transverse components according to Pβ Ξ  (x̂) and PγΞ Ξ  (ŷ). 
Quarks: d, down; s, strange; u, up; u , antiup.
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The decay parameter αΞ appears explicitly in the angular distribution 
of the direct decay Ξ− → Λπ−, whereas the sequential decay distribution 
of the daughter Λ depends on both αΛ and φΞ. CP symmetry implies 
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CP violation can only be observed if there is interference between 
CP-even and CP-odd terms in the decay amplitude. Because the decay 
amplitude for Ξ− → Λπ− consists of both a P-wave and an S-wave part, the 
leading-order contribution to the CP asymmetry, AΞ

CP, can be written as
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where tan(δP − δS) = β/α denotes the strong-phase difference of the 
final-state interaction between the Λ and π− from the Ξ− decay. 
CP-violating effects would manifest themselves in a nonzero weak-phase 
difference ξP − ξS (refs. 22–24), an observable that is complementary to 
the kaon decay parameter ε′ (refs. 13,14,25) because the latter only involves 
an S-wave. The strong-phase difference can be extracted from the φΞ 
parameter, and is found to be small3,26: (−0.037 ± 0.014). Hence, 
CP-violating signals in AΞ

CP are strongly suppressed and difficult to 
interpret in terms of the weak-phase difference.

An independent CP-symmetry test in Ξ− → Λπ− is provided by deter-
mining the value of ∆φCP. At leading order, this observable is related 
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where α α α= ( − )/2〈 〉 , and can be measured even if δP = δS. The absence 
of a strong suppression factor therefore improves the sensitivity to 
CP-violation effects by an order of magnitude with respect to that of 
the AΞ

CP observable22,23. To measure ∆φCP using the standard polarim-
eter technique from refs.21,28 requires beams of polarized Ξ− and Ξ +. In 
such experiments the precision is limited by the magnitude of the 
polarization and the accuracy of the polarization determination, which 
in turn is sensitive to asymmetries in the production mechanisms27. In 
fact, no experiment with a polarized Ξ + has been performed, and the 
polarization of the Ξ− beams were below 5% (ref. 3). Here we present an 
alternative approach, in which the baryon–antibaryon pair is produced 
in a spin-entangled CP eigenstate and all decay sequences are analysed 
simultaneously.

To the best of our knowledge, no direct measurements of any of the 
asymmetries defined in equation (3) have been performed for the Ξ− 
baryon. The HyperCP experiment28, designed for the purpose of CP tests 
in baryon decays, used samples of around 107–108 Ξ− and Ξ + events to 
determine the products αΞαΛ and α α¯ ¯Ξ Λ. From these measurements, the 
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CP CP was estimated to be (0.0 ± 5.5 ± 4.4) × 10−4, where the first 
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12 ± 7) × 10−3. Furthermore, ref. 4 revealed a 17% disagreement with previ-
ous measurements on the αΛ parameter26, a result that rapidly gained 
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results that needs to be understood. This is particularly important 
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ics and hyperon-related studies at the Large Hadron Collider29–34.
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e e J ψ Ξ Ξ→ / →+ − − +. This approach enables a direct measurement of all 
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BESIII: ~70 000 തΞΞ events*
𝒪(ξ𝑝 − ξ𝑠) : 0.01*

SM: ξ𝑝 − ξ𝑠 ~10-4**

*BESIII, Nature 606, 64-69 (2022)
**Tandean et. al, Phys. Rev. D 67, 056001 (2003)

PANDA:

Antiproton physics at

Strangeness Physics

Hyperons @PANDA:

• Two-body production of spin correlated hyperon-antihyperon pairs

• Large cross sections = high production rate

• Exclusive reconstruction = high efficiency, low background

- Stage 1: Charged final states

- Stage 2:  All final states

pbeam (GeV/c) Reaction σ (μb) ε (%) Rate
@ 1031 cm-2s-1

S/B Events
/day

1.64 ҧ𝑝𝑝 → ҧ𝛬𝛬 64.0 16.0* 44 s-1 114 3.8∙ 106

1.77 ҧ𝑝𝑝 → തΣ0Λ 10.9 5.3** 2.4 s-1 >11* 207 000

6.0 ҧ𝑝𝑝 → തΣ0Λ 20 6.1** 5.0 s-1 21 432 000

4.6 ҧ𝑝𝑝 → ത𝛯+𝛯− ~1 8.2* 0.3 s-1 274 26000

7.0 ҧ𝑝𝑝 → ത𝛯+𝛯− ~0.3 7.9* 0.1 s-1 65 8600

4.6 ҧ𝑝𝑝 → ҧ𝛬𝐾+𝛯−+ c.c. ~1 5.4*** 0.2 s-1 >19* 17000

7.0 ҧ𝑝𝑝 → ഥΩ+Ω− 0.002-0.06 14 50 -1300

23

*PANDA: Eur. Phys. J A57, 4, 154 (2021) 

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

*** PANDA: Eur. Phys. J A57, 4, 149 (2021) 

PANDA - a strangeness factory!

Stage 1:
• ഥΛΛ : World record in < 1 day

• തΞ+Ξ− : 𝒪(ξ𝑝 − ξ𝑠) ~ 0.01 in < 3 days

→ Excellent discovery potential!
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Spectroscopy


Hidden/open-charm states 

Gluon-rich QCD states 

Light-meson systems

BELLEII, BESIII, COMPASS, 
JLAB, LHCb, …  

Nucleon Structure


Generalized Parton Distributions 

Transition Distribution Amplitudes 

Time-like Form Factors

BESIII, COMPASS, EIC, JLAB, … 

Strangeness 


Strange baryon spectroscopy 

Hyperon production & polarization 

Hyperon transition form factors

BESIII, JLAB, JPARC, HADES, 
MAMI, ELSA, … 

Nuclear Physics


Hadrons in nuclei 

Hyperon-nucleon dynamics 

Hyper-atoms and nuclei

CBM, HYPHI, JPARC, … 

Antiproton physics at

How does the strong interaction bind 
quarks and gluons into matter?

• Scattering

• Replacing building blocks

• Excitation

• Implanting in dense environment

Approaches in hadron physics

2



From matter of ~10-15 m to ~104 m 

Neutron star mass measurements 
(Shapiro delay)

New: neutron star mass+radius 
measurements (NICER)

New: gravitational waves of neutron 
star mergers -> mass+tidal 
deformation (VIRGO, LIGO)

rotation over millions of years. But if they have 
a companion star orbiting around them, they 
might steal material and angular momentum 
from this partner, boosting their spinning to 
superfast speeds. As the matter gets deposited 
on the star’s exterior, some theorists suggest 
it could affect a fluid-like layer of subsurface 
neutrons, generating gigantic vortices that 
twist the neutron star’s magnetic field into 
odd arrangements. The companion might 
ultimately be consumed or lose so much mass 
that it becomes gravitationally unbound and 
flies away, as could have been the case with the 
now-solitary J0030. 

Work in progress
NICER is continuing to observe J0030 to further 
improve the precision of its radius measure-
ments. At the same time, the team is beginning 
to analyse data from a second target, a slightly 
heavier pulsar with a white-dwarf companion. 
Other astronomers have used observations of 
this pair’s orbital dance to determine the pul-
sar’s mass, which means NICER researchers 
have an independent measurement that they 
can use to validate their findings. 

Among NICER’s targets, the team plans to 
include at least a couple of high-mass pulsars, 
including the current record-holder for most 
massive neutron star — a behemoth with a 
mass 2.14 times that of the Sun. That should 
allow the researchers to probe an upper limit: 
the point at which a neutron star collapses into 
a black hole. Even the 2.14-solar-mass object 
is challenging for theorists to explain. Several 
researchers have also suggested that NICER 
might be able to find two neutron stars with 
the same mass but different radii. That would 
suggest the presence of a transition point, at 
which slight differences create two distinct 
cores. One might contain mostly neutrons, for 
example, and the other might be composed of 
more-exotic material. 

Although NICER is at the vanguard, it is 
not the only instrument plumbing pulsars’ 
depths. In 2017, the US Laser Interferome-
ter Gravitational-Wave Observatory (LIGO), 
along with the Virgo detector in Italy, picked 
up the signal from two neutron stars crashing 
and merging together4. As the objects rotated 
around one another before the crash, they 
emitted gravitational waves that contained 
information about the stars’ size and struc-
ture. Each star’s colossal gravitational influ-
ence tugged on and deformed its partner, 
contorting both from spheres into teardrop 
shapes. The amount of distortion in those 
final moments gives physicists clues about 
the malleability of the material inside the 
neutron stars. 

LIGO’s facility in Livingston, Louisiana, 
picked up a second neutron-star smash-up 
last April, and more events could be spot-
ted at any time. So far, the two mergers have 
only hinted at the properties of neutron-star 

interiors, suggesting that they are not par-
ticularly deformable. But the current gen-
eration of facilities can’t observe the crucial 
final moments, when the warping would be 
greatest and would display internal conditions 
most clearly.

The Kamioka Gravitational Wave Detector 
in Hida, Japan, is expected to come online 
later this year, and the Indian Initiative in 
Gravitational-wave Observations near Aundha 
Naganath, Marathwada, in 2024. In combina-
tion with LIGO and Virgo, they will improve 
sensitivity, potentially even capturing the 
details of the moments leading up to a crash. 

Looking further into the future, several 
planned instruments could make obser-
vations that elude NICER and current 
gravitational-wave observatories. A Chinese–
European satellite called the enhanced X-ray 
Timing and Polarimetry mission, or eXTP, is 
expected to launch in 2027 and study both 
isolated and binary neutron stars to help 
determine their equation of state. Researchers 
have also proposed a space-based mission that 
could fly in the 2030s called the Spectroscopic 
Time-Resolving Observatory for Broadband 
Energy X-rays, or STROBE-X. It would use 

NICER’s hotspot technique, pinning down the 
masses and radii of at least 20 more neutron 
stars with even more precision.

The hearts of neutron stars will probably 
always retain some secrets. But physicists 
now seem well placed to begin peeling back 
the layers. Read, who is a member of the LIGO 
team, says that she has collaborated on a 
project to imagine what scientific questions 
gravitational-wave detectors would be able 
to tackle in the 2030s and 2040s. In the pro-
cess, she realized that the landscape for neu-
tron-star research — in particular, the question 
of the equation of state — should look very 
different by then. 

“It’s been this long-standing puzzle that 
you figure will always be there,” she says. 
“Now we’re at a point where I can see the 
scientific community figuring out the neu-
tron-star-structure puzzle within this decade.”

Adam Mann is a freelance journalist based in 
Oakland, California.

1. Riley, T. E. et al. Astrophys. J. Lett. 887, L21 (2019). 
2. Miller, M. C. et al. Astrophys. J. Lett. 887, L24 (2019).
3. Bilous, A. V. et al. Astrophys. J. Lett. 887, L23 (2019).
4. Abbott, B. P. et al. Phys. Rev. Lett. 119, 161101 (2017). 
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Inner crust
Free neutrons and 
electrons, heavier 
atomic nuclei

Outer core
Neutron-rich 
quantum liquid

Inner core 
Unknown, ultra-dense 
matter

Outer crust
Atomic nuclei
and free electrons

Atmosphere
Mostly hydrogen 
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Core scenarios
A number of possibilities have been suggested for 
the inner core, including these three options.

Quarks
The constituents of protons 
and neutrons — up and 
down quarks — roam freely.

Bose–Einstein condensate
Particles such as pions containing 
an up quark and an anti-down 
quark combine to form a single 
quantum-mechanical entity.

Hyperons
Particles called hyperons form. 
Like protons and neutrons, 
they contain three quarks but 
include 'strange' quarks.
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DENSE MATTER
Neutron stars get denser with depth. Although researchers have a good sense of the 
composition of the outer layers, the ultra-dense inner core remains a mystery.
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Hyperon puzzle in neutron stars? D. Lonardoni et al., PRL114, 092301 (2015)

ρΛ ¼ xρ are the neutron and hyperon densities, respec-
tively. The energy per particle can be written as

EHNMðρ; xÞ ¼ ½EPNMðð1 − xÞρÞ þmn&ð1 − xÞ

þ ½EPΛMðxρÞ þmΛ&xþ fðρ; xÞ: ð2Þ

To deal with the mass difference Δm≃ 176 MeV between
neutrons and lambdas the rest energy is explicitly taken into
account. The energy per particle of PNM EPNM has been
calculated using the AFDMC method [42,43] and it reads

EPNMðρnÞ ¼ a
!
ρn
ρ0

"
α
þ b

!
ρn
ρ0

"
β
; ð3Þ

where the parameters a, α, b, and β are reported in Table I.
We parametrized the energy of pure lambda matter EPΛM

with the Fermi gas energy of noninteracting Λ particles.
Such a formulation is suggested by the fact that in the
Hamiltonian of Eq. (1) there is no ΛΛ potential. The reason
for parametrizing the energy per particle of hyperneutron
matter as in Eq. (2) lies in the fact that, within AFDMC
calculations, EHNMðρ; xÞ can be easily evaluated only for a
discrete set of x values. They correspond to a different
number of neutrons (Nn ¼ 66; 54; 38) and hyperons
(NΛ ¼ 1; 2; 14) in the simulation box giving momentum
closed shells. Hence, the function fðρ; xÞ provides an
analytical parametrization for the difference between
Monte Carlo energies of hyperneutron matter and pure
neutron matter in the (ρ; x) domain that we have consid-
ered. Corrections for the finite-size effects due to the
interaction are included as described in Ref. [60] for both
nucleon-nucleon and hyperon-nucleon forces. Finite-size
effects on the neutron kinetic energy arising when using
different number of neutrons have been corrected adopting
the same technique described in Ref. [61]. Possible addi-
tional finite-size effects for the hypernuclear systems have
been reduced by considering energy differences between
HNM and PNM calculated in the same simulation box, and
by correcting for the (small) change of neutron density.
As can be inferred by Eq. (2), both hyperon-nucleon

potential and correlations contribute to fðρ; xÞ, whose
dependence on ρ and x can be conveniently exploited
within a cluster expansion scheme. Our parametrization is

fðρ; xÞ ¼ c1
xð1 − xÞρ

ρ0
þ c2

xð1 − xÞ2ρ2

ρ20
: ð4Þ

Because the ΛΛ potential has not been included in the
model, we have only considered clusters with at most one

Λ. We checked that contributions coming from clusters of
two or more hyperons and three or more neutrons give
negligible contributions in the fitting procedure. We have
also tried other functional forms for fðx; ρÞ, including
polytropes inspired by those of Ref. [20]. Moreover, we
have fitted the Monte Carlo results using different x data
sets. The final results weakly depend on the choice of
parametrization and on the fit range, in particular for the
hyperon threshold density. The resulting EOSs and mass-
radius relations are represented by the shaded bands in
Fig. 1 and Fig. 2. The parameters c1 and c2 corresponding
to the centroids of the figures are listed in Table II.
Once fðρ; xÞ has been fitted, the chemical potentials for

neutrons and lambdas are evaluated via

μnðρ; xÞ ¼
∂EHNM

∂ρn ; μΛðρ; xÞ ¼
∂EHNM

∂ρΛ ; ð5Þ

where EHNM ¼ ρEHNM is the energy density. The hyperon
fraction as a function of the baryon density, xðρÞ, is
obtained by imposing the condition μΛ ¼ μn. The Λ
threshold density ρthΛ is determined where xðρÞ starts being
different from zero.
In Fig. 1 the EOS for PNM (green solid curve) and HNM

using the two-body ΛN interaction alone (red dotted curve)
and two- plus three-body hyperon-nucleon force in the
original parametrization (I) (blue dashed curve) are dis-
played. As expected, the presence of hyperons makes the
EOS softer. In particular, ρthΛ ¼ 0.24ð1Þ fm−3 if hyperons

TABLE I. Fitting parameters for the neutron matter EOS of
Eq. (3) [42].

a½MeV& α b½MeV& β

13.4(1) 0.514(3) 5.62(5) 2.436(5)
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FIG. 1 (color online). Equations of state. Green solid curve
refers to the PNM EOS calculated with the AV8’þ UIX
potential. The red dotted curve represents the EOS of hypermatter
with hyperons interacting via the two-body ΛN force alone. The
blue dashed curve is obtained including the three-body hyperon-
nucleon potential in the parametrization (I). Shaded regions
represent the uncertainties on the results as reported in the text.
The vertical dotted lines indicate the Λ threshold densities ρthΛ . In
the inset, neutron and lambda fractions corresponding to the two
HNM EOSs.
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only interact via the two-body ΛN potential. As a matter of
fact, within the AFDMC framework hypernuclei turn out to
be strongly overbound when only the ΛN interaction is
employed [34,35]. The inclusion of the repulsive three-
body force [model (I)], stiffens the EOS and pushes the
threshold density to 0.34ð1Þ fm−3. In the inset of Fig. 1 the
neutron and lambda fractions are shown for the two
HNM EOSs.
Remarkably, we find that using the model (II) for ΛNN

the appearance of Λ particles in neutron matter is ener-
getically unfavored at least up to ρ ¼ 0.56 fm−3, the largest
density for which Monte Carlo calculations have been
performed. In this case the additional repulsion provided by
the model (II) pushes ρthΛ towards a density region where
the contribution coming from the hyperon-nucleon poten-
tial cannot be compensated by the gain in kinetic energy. It
has to be stressed that (I) and (II) give qualitatively similar
results for hypernuclei. This clearly shows that an EOS
constrained on the available binding energies of light
hypernuclei is not sufficient to draw any definite conclusion
about the composition of the neutron star core.
The mass-radius relations for PNM and HNM obtained

by solving the Tolman-Oppenheimer-Volkoff equations
[62] with the EOSs of Fig. 1 are shown in Fig. 2. The

onset of Λ particles in neutron matter sizably reduces the
predicted maximum mass with respect to the PNM case.
The attractive feature of the two-body ΛN interaction leads
to the very low maximum mass of 0.66ð2ÞM⊙, while the
repulsive ΛNN potential increases the predicted maximum
mass to 1.36ð5ÞM⊙. The latter result is compatible with
Hartree-Fock and Brueckner-Hartree-Fock calculations
(see for instance Refs. [2–5]).
The repulsion introduced by the three-body force plays a

crucial role, substantially increasing the value of the Λ
threshold density. In particular, when model (II) for the
ΛNN force is used, the energy balance never favors the
onset of hyperons within the density domain that has been
studied in the present work (ρ ≤ 0.56 fm−3). It is interest-
ing to observe that the mass-radius relation for PNM up to
ρ ¼ 3.5ρ0 already predicts a NS mass of 2.09ð1ÞM⊙ (black
dot-dashed curve in Fig. 2). Even if Λ particles appear at
higher baryon densities, the predicted maximum mass will
be consistent with present astrophysical observations.
In this Letter we have reported on the first quantum

MonteCarlo calculations for hyperneutronmatter, including
neutrons andΛ particles. As already verified in hypernuclei,
we found that the three-body hyperon-nucleon interaction
dramatically affects the onset of hyperons in neutron matter.
When using a three-body ΛNN force that overbinds hyper-
nuclei, hyperons appear at around twice the saturation
density and the predicted maximum mass is 1.36ð5ÞM⊙.
By employing a hyperon-nucleon-nucleon interaction
that better reproduces the experimental separation energies
of medium-light hypernuclei, the presence of hyperons is
disfavored in the neutron bulk at least up to ρ ¼ 0.56 fm−3

and the lower limit for the predicted maximum mass is
2.09ð1ÞM⊙. Therefore, within the ΛN model that we have
considered, the presence of hyperons in the core of the
neutron stars cannot be satisfactorily established and thus
there is no clear incompatibility with astrophysical obser-
vations when lambdas are included. We conclude that in
order to discuss the role of hyperons—at least lambdas—in
neutron stars, the ΛNN interaction cannot be completely
determined by fitting the available experimental energies in
Λ hypernuclei. In other words, the Λ-neutron-neutron
component of the ΛNN force will need both additional
theoretical investigation, possibly within different frame-
works such as chiral perturbation theory [63,64], and a
substantial additional amount of experimental data, in
particular for highly asymmetric hypernuclei and excited
states of the hyperon.

We would like to thank J. Carlson, S. C. Pieper, S.
Reddy, A.W. Steiner, W. Weise, and R. B. Wiringa for
stimulating discussions. The work of D. L. and S. G. was
supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under the NUCLEI
SciDAC grant and A. L. by the Department of Energy,
Office of Science, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357. The work of S. G.
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FIG. 2 (color online). Mass-radius relations. The key is the
same as of Fig. 1. Full dots represent the predicted maximum
masses. Horizontal bands at ∼2M⊙ are the observed masses of
the heavy pulsars PSR J1614-2230 [18] and PSR J0348þ 0432
[19]. The grey shaded region is the excluded part of the plot due
to causality.

TABLE II. Fitting parameters for the function f defined in
Eq. (4) for different hyperon-nucleon potentials.

Hyperon-nucleon potential c1½MeV& c2½MeV&
ΛN −71.0ð5Þ 3.7(3)
ΛN þ ΛNN (I) −77ð2Þ 31.3(8)
ΛN þ ΛNN (II) −70ð2Þ 45.3(8)
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ρΛ ¼ xρ are the neutron and hyperon densities, respec-
tively. The energy per particle can be written as

EHNMðρ; xÞ ¼ ½EPNMðð1 − xÞρÞ þmn&ð1 − xÞ

þ ½EPΛMðxρÞ þmΛ&xþ fðρ; xÞ: ð2Þ

To deal with the mass difference Δm≃ 176 MeV between
neutrons and lambdas the rest energy is explicitly taken into
account. The energy per particle of PNM EPNM has been
calculated using the AFDMC method [42,43] and it reads

EPNMðρnÞ ¼ a
!
ρn
ρ0

"
α
þ b

!
ρn
ρ0

"
β
; ð3Þ

where the parameters a, α, b, and β are reported in Table I.
We parametrized the energy of pure lambda matter EPΛM

with the Fermi gas energy of noninteracting Λ particles.
Such a formulation is suggested by the fact that in the
Hamiltonian of Eq. (1) there is no ΛΛ potential. The reason
for parametrizing the energy per particle of hyperneutron
matter as in Eq. (2) lies in the fact that, within AFDMC
calculations, EHNMðρ; xÞ can be easily evaluated only for a
discrete set of x values. They correspond to a different
number of neutrons (Nn ¼ 66; 54; 38) and hyperons
(NΛ ¼ 1; 2; 14) in the simulation box giving momentum
closed shells. Hence, the function fðρ; xÞ provides an
analytical parametrization for the difference between
Monte Carlo energies of hyperneutron matter and pure
neutron matter in the (ρ; x) domain that we have consid-
ered. Corrections for the finite-size effects due to the
interaction are included as described in Ref. [60] for both
nucleon-nucleon and hyperon-nucleon forces. Finite-size
effects on the neutron kinetic energy arising when using
different number of neutrons have been corrected adopting
the same technique described in Ref. [61]. Possible addi-
tional finite-size effects for the hypernuclear systems have
been reduced by considering energy differences between
HNM and PNM calculated in the same simulation box, and
by correcting for the (small) change of neutron density.
As can be inferred by Eq. (2), both hyperon-nucleon

potential and correlations contribute to fðρ; xÞ, whose
dependence on ρ and x can be conveniently exploited
within a cluster expansion scheme. Our parametrization is

fðρ; xÞ ¼ c1
xð1 − xÞρ

ρ0
þ c2

xð1 − xÞ2ρ2

ρ20
: ð4Þ

Because the ΛΛ potential has not been included in the
model, we have only considered clusters with at most one

Λ. We checked that contributions coming from clusters of
two or more hyperons and three or more neutrons give
negligible contributions in the fitting procedure. We have
also tried other functional forms for fðx; ρÞ, including
polytropes inspired by those of Ref. [20]. Moreover, we
have fitted the Monte Carlo results using different x data
sets. The final results weakly depend on the choice of
parametrization and on the fit range, in particular for the
hyperon threshold density. The resulting EOSs and mass-
radius relations are represented by the shaded bands in
Fig. 1 and Fig. 2. The parameters c1 and c2 corresponding
to the centroids of the figures are listed in Table II.
Once fðρ; xÞ has been fitted, the chemical potentials for

neutrons and lambdas are evaluated via

μnðρ; xÞ ¼
∂EHNM

∂ρn ; μΛðρ; xÞ ¼
∂EHNM

∂ρΛ ; ð5Þ

where EHNM ¼ ρEHNM is the energy density. The hyperon
fraction as a function of the baryon density, xðρÞ, is
obtained by imposing the condition μΛ ¼ μn. The Λ
threshold density ρthΛ is determined where xðρÞ starts being
different from zero.
In Fig. 1 the EOS for PNM (green solid curve) and HNM

using the two-body ΛN interaction alone (red dotted curve)
and two- plus three-body hyperon-nucleon force in the
original parametrization (I) (blue dashed curve) are dis-
played. As expected, the presence of hyperons makes the
EOS softer. In particular, ρthΛ ¼ 0.24ð1Þ fm−3 if hyperons

TABLE I. Fitting parameters for the neutron matter EOS of
Eq. (3) [42].

a½MeV& α b½MeV& β

13.4(1) 0.514(3) 5.62(5) 2.436(5)
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FIG. 1 (color online). Equations of state. Green solid curve
refers to the PNM EOS calculated with the AV8’þ UIX
potential. The red dotted curve represents the EOS of hypermatter
with hyperons interacting via the two-body ΛN force alone. The
blue dashed curve is obtained including the three-body hyperon-
nucleon potential in the parametrization (I). Shaded regions
represent the uncertainties on the results as reported in the text.
The vertical dotted lines indicate the Λ threshold densities ρthΛ . In
the inset, neutron and lambda fractions corresponding to the two
HNM EOSs.
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only interact via the two-body ΛN potential. As a matter of
fact, within the AFDMC framework hypernuclei turn out to
be strongly overbound when only the ΛN interaction is
employed [34,35]. The inclusion of the repulsive three-
body force [model (I)], stiffens the EOS and pushes the
threshold density to 0.34ð1Þ fm−3. In the inset of Fig. 1 the
neutron and lambda fractions are shown for the two
HNM EOSs.
Remarkably, we find that using the model (II) for ΛNN

the appearance of Λ particles in neutron matter is ener-
getically unfavored at least up to ρ ¼ 0.56 fm−3, the largest
density for which Monte Carlo calculations have been
performed. In this case the additional repulsion provided by
the model (II) pushes ρthΛ towards a density region where
the contribution coming from the hyperon-nucleon poten-
tial cannot be compensated by the gain in kinetic energy. It
has to be stressed that (I) and (II) give qualitatively similar
results for hypernuclei. This clearly shows that an EOS
constrained on the available binding energies of light
hypernuclei is not sufficient to draw any definite conclusion
about the composition of the neutron star core.
The mass-radius relations for PNM and HNM obtained

by solving the Tolman-Oppenheimer-Volkoff equations
[62] with the EOSs of Fig. 1 are shown in Fig. 2. The

onset of Λ particles in neutron matter sizably reduces the
predicted maximum mass with respect to the PNM case.
The attractive feature of the two-body ΛN interaction leads
to the very low maximum mass of 0.66ð2ÞM⊙, while the
repulsive ΛNN potential increases the predicted maximum
mass to 1.36ð5ÞM⊙. The latter result is compatible with
Hartree-Fock and Brueckner-Hartree-Fock calculations
(see for instance Refs. [2–5]).
The repulsion introduced by the three-body force plays a

crucial role, substantially increasing the value of the Λ
threshold density. In particular, when model (II) for the
ΛNN force is used, the energy balance never favors the
onset of hyperons within the density domain that has been
studied in the present work (ρ ≤ 0.56 fm−3). It is interest-
ing to observe that the mass-radius relation for PNM up to
ρ ¼ 3.5ρ0 already predicts a NS mass of 2.09ð1ÞM⊙ (black
dot-dashed curve in Fig. 2). Even if Λ particles appear at
higher baryon densities, the predicted maximum mass will
be consistent with present astrophysical observations.
In this Letter we have reported on the first quantum

MonteCarlo calculations for hyperneutronmatter, including
neutrons andΛ particles. As already verified in hypernuclei,
we found that the three-body hyperon-nucleon interaction
dramatically affects the onset of hyperons in neutron matter.
When using a three-body ΛNN force that overbinds hyper-
nuclei, hyperons appear at around twice the saturation
density and the predicted maximum mass is 1.36ð5ÞM⊙.
By employing a hyperon-nucleon-nucleon interaction
that better reproduces the experimental separation energies
of medium-light hypernuclei, the presence of hyperons is
disfavored in the neutron bulk at least up to ρ ¼ 0.56 fm−3

and the lower limit for the predicted maximum mass is
2.09ð1ÞM⊙. Therefore, within the ΛN model that we have
considered, the presence of hyperons in the core of the
neutron stars cannot be satisfactorily established and thus
there is no clear incompatibility with astrophysical obser-
vations when lambdas are included. We conclude that in
order to discuss the role of hyperons—at least lambdas—in
neutron stars, the ΛNN interaction cannot be completely
determined by fitting the available experimental energies in
Λ hypernuclei. In other words, the Λ-neutron-neutron
component of the ΛNN force will need both additional
theoretical investigation, possibly within different frame-
works such as chiral perturbation theory [63,64], and a
substantial additional amount of experimental data, in
particular for highly asymmetric hypernuclei and excited
states of the hyperon.

We would like to thank J. Carlson, S. C. Pieper, S.
Reddy, A.W. Steiner, W. Weise, and R. B. Wiringa for
stimulating discussions. The work of D. L. and S. G. was
supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under the NUCLEI
SciDAC grant and A. L. by the Department of Energy,
Office of Science, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357. The work of S. G.
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FIG. 2 (color online). Mass-radius relations. The key is the
same as of Fig. 1. Full dots represent the predicted maximum
masses. Horizontal bands at ∼2M⊙ are the observed masses of
the heavy pulsars PSR J1614-2230 [18] and PSR J0348þ 0432
[19]. The grey shaded region is the excluded part of the plot due
to causality.

TABLE II. Fitting parameters for the function f defined in
Eq. (4) for different hyperon-nucleon potentials.

Hyperon-nucleon potential c1½MeV& c2½MeV&
ΛN −71.0ð5Þ 3.7(3)
ΛN þ ΛNN (I) −77ð2Þ 31.3(8)
ΛN þ ΛNN (II) −70ð2Þ 45.3(8)
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ρΛ ¼ xρ are the neutron and hyperon densities, respec-
tively. The energy per particle can be written as

EHNMðρ; xÞ ¼ ½EPNMðð1 − xÞρÞ þmn&ð1 − xÞ

þ ½EPΛMðxρÞ þmΛ&xþ fðρ; xÞ: ð2Þ

To deal with the mass difference Δm≃ 176 MeV between
neutrons and lambdas the rest energy is explicitly taken into
account. The energy per particle of PNM EPNM has been
calculated using the AFDMC method [42,43] and it reads

EPNMðρnÞ ¼ a
!
ρn
ρ0

"
α
þ b

!
ρn
ρ0

"
β
; ð3Þ

where the parameters a, α, b, and β are reported in Table I.
We parametrized the energy of pure lambda matter EPΛM

with the Fermi gas energy of noninteracting Λ particles.
Such a formulation is suggested by the fact that in the
Hamiltonian of Eq. (1) there is no ΛΛ potential. The reason
for parametrizing the energy per particle of hyperneutron
matter as in Eq. (2) lies in the fact that, within AFDMC
calculations, EHNMðρ; xÞ can be easily evaluated only for a
discrete set of x values. They correspond to a different
number of neutrons (Nn ¼ 66; 54; 38) and hyperons
(NΛ ¼ 1; 2; 14) in the simulation box giving momentum
closed shells. Hence, the function fðρ; xÞ provides an
analytical parametrization for the difference between
Monte Carlo energies of hyperneutron matter and pure
neutron matter in the (ρ; x) domain that we have consid-
ered. Corrections for the finite-size effects due to the
interaction are included as described in Ref. [60] for both
nucleon-nucleon and hyperon-nucleon forces. Finite-size
effects on the neutron kinetic energy arising when using
different number of neutrons have been corrected adopting
the same technique described in Ref. [61]. Possible addi-
tional finite-size effects for the hypernuclear systems have
been reduced by considering energy differences between
HNM and PNM calculated in the same simulation box, and
by correcting for the (small) change of neutron density.
As can be inferred by Eq. (2), both hyperon-nucleon

potential and correlations contribute to fðρ; xÞ, whose
dependence on ρ and x can be conveniently exploited
within a cluster expansion scheme. Our parametrization is

fðρ; xÞ ¼ c1
xð1 − xÞρ

ρ0
þ c2

xð1 − xÞ2ρ2

ρ20
: ð4Þ

Because the ΛΛ potential has not been included in the
model, we have only considered clusters with at most one

Λ. We checked that contributions coming from clusters of
two or more hyperons and three or more neutrons give
negligible contributions in the fitting procedure. We have
also tried other functional forms for fðx; ρÞ, including
polytropes inspired by those of Ref. [20]. Moreover, we
have fitted the Monte Carlo results using different x data
sets. The final results weakly depend on the choice of
parametrization and on the fit range, in particular for the
hyperon threshold density. The resulting EOSs and mass-
radius relations are represented by the shaded bands in
Fig. 1 and Fig. 2. The parameters c1 and c2 corresponding
to the centroids of the figures are listed in Table II.
Once fðρ; xÞ has been fitted, the chemical potentials for

neutrons and lambdas are evaluated via

μnðρ; xÞ ¼
∂EHNM

∂ρn ; μΛðρ; xÞ ¼
∂EHNM

∂ρΛ ; ð5Þ

where EHNM ¼ ρEHNM is the energy density. The hyperon
fraction as a function of the baryon density, xðρÞ, is
obtained by imposing the condition μΛ ¼ μn. The Λ
threshold density ρthΛ is determined where xðρÞ starts being
different from zero.
In Fig. 1 the EOS for PNM (green solid curve) and HNM

using the two-body ΛN interaction alone (red dotted curve)
and two- plus three-body hyperon-nucleon force in the
original parametrization (I) (blue dashed curve) are dis-
played. As expected, the presence of hyperons makes the
EOS softer. In particular, ρthΛ ¼ 0.24ð1Þ fm−3 if hyperons

TABLE I. Fitting parameters for the neutron matter EOS of
Eq. (3) [42].

a½MeV& α b½MeV& β

13.4(1) 0.514(3) 5.62(5) 2.436(5)
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FIG. 1 (color online). Equations of state. Green solid curve
refers to the PNM EOS calculated with the AV8’þ UIX
potential. The red dotted curve represents the EOS of hypermatter
with hyperons interacting via the two-body ΛN force alone. The
blue dashed curve is obtained including the three-body hyperon-
nucleon potential in the parametrization (I). Shaded regions
represent the uncertainties on the results as reported in the text.
The vertical dotted lines indicate the Λ threshold densities ρthΛ . In
the inset, neutron and lambda fractions corresponding to the two
HNM EOSs.
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explanatory potential!
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2015:    Finalize R&D, validate design in test beam, write TDR draft. 

2016:    Finalize TDR, present at CollabMeet and submit to FAIR. 

2017-2020:  Component Fabrication, Assembly, Installation. 

•  2017:    Finalize definition of production specs, intiate tender. 

•  2017-2020:  Industrial fabrication of fused silica bars and prisms. 
     Industrial production of  photon sensors. 

•  2018-2019:  Production and QA of readout electronics at GSI/Mainz. 

•  2018-2020:  Fabrication of bar containers and mechanical support frame, 
      gluing of bars, construction of complete bar boxes. 
     Detailed scans of all sensors in Erlangen. 
     Assembly of readout modules in Mainz. 

•  2020:  Installation of mechanical support frame in PANDA  
    insert bar boxes, mount readout modules. 
   Ready as “Start Setup / Day One” detector. 

PANDA BARREL DIRC SCHEDULE 

DIRC bar with laser 

Photon sensor 

Thank you for your attention. 

Mechanics Forward Endcap EMC 
•  Backplate &support 
•  Submodules 

(alveoli,insertes, 
interface pcs.) 

•  VIP insulation ordered 

 

j.messchendorp@gsi.de

Physics prospects at PANDA
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Physics prospects at PANDA

 … important pillar at FAIR

   - ESFRI landmark near Frankfurt, top priority NuPECC 

   - civil construction of FAIR well underway

   - presently under ‘scientific' review


 … covers particle, hadron, and nuclear aspects

   - quark & gluon d.o.f.: quarkonium exotics, glueballs, etc.

   - meson & baryon d.o.f.: B-B interaction in SU(3)


 … is complementary and competitive

   - unique antiproton facility


 … remains vigilant (and patient)

mailto:j.messchendorp@gsi.de
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Ξ− scattering angle with respect to the e+ beam in the centre-of-momen-
tum system of the reaction. The angles θΛ and φΛ (θ Λ̄, φ Λ̄

) are defined 
by the Λ (Λ ) direction in a reference system denoted RΞ  (R Ξ̄), where 
Ξ− (Ξ̄+) is at rest and where the ẑ axis points in the direction of the Ξ− (Ξ̄+)  
in the centre-of-momentum system. The ŷ axis is normal to the produc-
tion plane. The angles θp and φp (θ p  and φp ) give the direction of  
the proton (antiproton) in the Λ (Λ ) rest system, denoted ΛR  (R Λ̄), with 
the ẑ axis pointing in the direction of the Λ (Λ̄) in the RΞ  (R Ξ̄) system 
and the ŷ axis normal to the plane spanned by the direction of  
the Ξ− (Ξ +) and the direction of the Λ (Λ ). The structure of the nine-
dimensional angular distribution is determined by eight global  
(that is, independent of the Ξ− scattering angle) parameters 
ω α α φ α φ α α= ( , ∆Φ, , , ¯ , ¯ , , ¯ )ψ Ξ Ξ Ξ Ξ Λ Λ , and can be written in a modular form 
as35:

W ∑ ∑C a a a aξξ ωω( ; ) =
′ ′ ′ ′

. (6)
µ ν

µν
µ ν

µµ
Ξ

νν
Ξ

µ
Λ

ν
Λ

, =0

3

′ ′=0

3

0 0

Here Cµν(θ; αψ, ∆Φ) is a 4 × 4 spin density matrix, defined in the 
aforementioned reference systems ΞR  and ΞR , describing the spin 
configuration of the entangled hyperon–antihyperon pair. The param-
eters αψ and ∆Φ are related to two production amplitudes, where αψ 
parameterizes the Ξ− angular distribution. The ∆Φ is the relative phase 
between the two production amplitudes (in the so-called helicity rep-
resentation)36 and governs the polarization Py of the produced Ξ− and 
Ξ + as well as their spin correlations Cij. The matrix elements are related 
to Py = Py(θ) and Cij = Cij(θ) in the following way:

C α θ

P

C C
P C

C C

= (1 + cos )
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− 0 0
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The matrices aµν
Y  in equation (6) represent the propagation of the 

spin density matrices in the sequential decays. The elements of these 

4 × 4 matrices are parameterized in terms of the weak decay parameters 
αY and φY as well as the helicity angles: a θ α φ

′
( , φ ; , )µµ

Ξ
Λ Λ Ξ Ξ  in reference 

system RΞ , a θ φ α φ
′
( , ; , )νν

Ξ
Λ Λ Ξ Ξ in system R Ξ̄ , a θ α

′
( , φ ; ¯µ

Λ
p p Λ0 ) in  

system ΛR , and a θ α
′

( , φ ; ¯ )ν
Λ

p p Λ0
¯

¯ ¯
 in system R Λ. The full expressions of 

Cµν and aµν
Y  are given in ref. 35.

We have carried out our analysis on a data sample of (1.3106 ± 
0.0070) × 109 J/ψ events collected in electron–positron annihilations with 
the multi-purpose BESIII detector37. The J/ψ resonance decays into the 
Ξ Ξ− + final state with a branching fraction26 of (9.7 ± 0.8) × 10−4. Our method 
requires exclusively reconstructed Ξ Ξ Λπ Λ π pπ π p π π→ →− + − + − − + +   

Table 1 | Summary of results

Parameter This work Previous result Reference

αψ 0.586 ± 0.012 ± 0.010 0.58 ± 0.04 ± 0.08 Ref. 49

∆Φ 1.213 ± 0.046 ± 0.016 rad –

αΞ −0.376 ± 0.007 ± 0.003 −0.401 ± 0.010 Ref. 26

ϕΞ 0.011 ± 0.019 ± 0.009 rad −0.037 ± 0.014 rad Ref. 26

ᾱΞ 0.371 ± 0.007 ± 0.002 –

φ̄Ξ −0.021 ± 0.019 ± 0.007 rad –

αΛ 0.757 ± 0.011 ± 0.008 0.750 ± 0.009 ± 0.004 Ref. 4

αΛ −0.763 ± 0.011 ± 0.007 −0.758 ± 0.010 ± 0.007 Ref. 4

ξP − ξS (1.2 ± 3.4 ± 0.8) × 10−2 rad –

δP − δS (−4.0 ± 3.3 ± 1.7) × 10−2 rad (10.2 ± 3.9) × 10−2 rad Ref. 3

AΞ
CP (6 ± 13 ± 6) × 10−3 –

φ∆ Ξ
CP

(−5 ± 14 ± 3) × 10−3 rad –

AΛ
CP (−4 ± 12 ± 9) × 10−3 (−6 ± 12 ± 7) × 10−3 Ref. 4

-ϕΞ. 0.016 ± 0.014 ± 0.007 rad

The → − +J ψ Ξ Ξ/  angular distribution parameter αψ, the hadronic form factor phase ∆Φ, the 
decay parameters for Ξ− → Λπ− (αΞ, ϕΞ), →+ +Ξ Λπ  (ᾱ , ¯Ξ Ξφ ) Λ → pπ− (αΛ) and → +Λ pπ  (ᾱΛ); the CP 
asymmetries AΞ

CP, φ∆ Ξ
CP and AΛ

CP, and the average -ϕΞ.. The first and second uncertainties are 
statistical and systematic, respectively.

Fig. 2 | Polarization in and spin correlations of the e e Ξ Ξ→+ − − +
 reaction.  

a, Polarization in the e e Ξ Ξ→+ − − +
 reaction. b–d, Spin correlations of the 

e e Ξ Ξ→+ − − +
 reaction. The coordinate systems RΞ  and ΞR  of the Ξ− and Ξ

+
, 

respectively, are described in the text. The data points are determined 

independently in each bin of the Ξ− cosine scattering angle in the e+e− 
centre-of-momentum system. The blue curves represent the expected angular 
dependence obtained with the production parameters αψ and ∆Φ from the 
global maximum log-likelihood fit. The error bars indicate the statistical 
uncertainties.

–0.50

–0.25

0

0.25

0.50
a b

c d

Py

0

0.5

1.0

1.5 Cxx

–1.0 –0.5 0 0.5 1.0
cos T

0.0

0.5

1.0

1.5 Cyy

–1.0 –0.5 0 0.5 1.0
–1.5

–1.0

–0.5

0 Czz

cos T

–

–

–

<latexit sha1_base64="CDTkjYld+uEt5s6JjFECtTHkDqs="></latexit>

e+e� ! J/ ! ⌅⌅̄! ⇤⇤̄⇡⇡



Resonance scanning, a case study

21

Antiproton physics at

Charm and Exotics

Case study of X(3872) aka χ𝑐1(3872):

• At the 𝐷ഥ𝐷∗ threshold

• 𝐽𝑃𝐶 = 1++

• Nature?
- Compact state (Breit-Wigner)?
- Flatté model:

→Molecular?
→ Virtual?

• Width assuming B-W: 
Γ = 1.39 ∓ 0.24 ∓ 0.10  MeV (LHCb 2020*)

• Width assuming Flatté model:
FWHM = 0.22−0.08−0.17+0.06+0.25 MeV (LHCb 2020*))

→ Not possible to distinguish by LHCb
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Antihyperons in nuclei @ Day-1

Day-1: antihyperon optical potential

22

Spectrum: less than 1 hour of 
beam time at Day-1 luminosities!

Exploit abundantly produced hyperon-
antihyperon pairs near threshold

First step towards hyperatom and 
hypernuclei program

Josef Pochodzalla



Antiproton physics at

Hadrons in Nuclei

Antihyperons in nuclei:
• Interaction potential of antihyperons in nuclei*,**

• Measure transverse momentum asymmetries

of ത𝑌𝑌 pairs in nuclei

→ PANDA unique!

*Pochodzalla: Phys. Lett. B 669, 306 (2008)
** PANDA: Eur. Phys. J A 57, 184 (2021)
***PANDA, Nucl. Phys. A 954, p. 323-340 (2016)
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X– Hyperatoms
• Collaboration with DESPEC@NUSTAR

• ΞN potential in neutron-rich periphery of heavy nuclei*** 

• PANDA: Atomic cascade of charged hyperons                                                                   
in secondary Pb target

- Measure strong interaction shift and width of

transition prior  to capture

- X-ray spectropscopy of heavy hyperatom (e.g.Pb)

→ PANDA unique!

23

Antiproton physics at

Hadrons in Nuclei

Hyperatoms: JPARC vs PANDA

JPARC:

- Kaon beam

- Extended target ~ cm

- ρ𝑛/ρ𝑝 ~ 1

PANDA:

- Stored antiproton beam

- Thin secondary target ~ mm

- ρ𝑛/ρ𝑝 ~ 2

26

PANDA has unique

explanatory potential!

Measure strong interaction shift 
and width at periphery of nucleus

X-ray spectroscopy of transition 
prior to capture

PANDA unique: high neutron 
density probed using Pb target

Hyperatoms at Phase One
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Hyperatoms - potential sensitivity
Marcell Steinen, PhD dissertation
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Fig. 4 γ -spectrum detected in the Ge-array by cutting on the two pion momenta. The expected γ -
transitions energies from single and double hypernuclei are marked by the arrows

Figure 4 shows the γ -ray spectra gated on the four regions indicated in the two-
dimensional scatter plot. In the plots (a) and (d) the 1.684 MeV 1

2
+ and 2.86 MeV

2+ states of 11
""Be and 10

""Be, respectively, can clearly be identified. Because of the
limited statistics in the present simulations and the decreasing photopeak efficiency
at high photon energies, the strongly populated high lying states in 9

""Li at 4.55 and
5.96 MeV cannot be identified in (b). The two dominant peaks in part (c) result from
the decay of excited single hyperfragments produced in the #− + C →4

" H +9
" Be

reaction, i.e. 4
" H at an excitation energy of 1.08 MeV [22, 23] and 9

" Be at an excitation
energy of 3.029 and 3.060 MeV [24, 25]. The spectra shown in Fig. 4 corresponds
to a running time at PANDA of the order of two weeks. It is also important to
realize that gating on double non-mesonic weak decays or on mixed weak decays
may significantly improve the final rate.

4.1 Recent activities

In addition, recent activities regarding developments of the above described hyper-
nuclear detectors are progressing. A big challenge to be solved, is the limited space
available at the entrance of the PANDA spectrometer. That is crucial for the case
of the HPGe germanium detector array which has to be placed at backward axial
angles. That means, that the detector will have to operate in a high flux hadronic
environment and high magnetic field, which can influence the energy resolution
(∼3 keV at the 1,332 MeV line of Co60) of these detectors. A possible solution
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Fig. 4. Left: CAD drawing of the primary and secondary target of the hypernucleus setup. Right: Distribution
of the ⌅� stopping points in layers of the secondary target material in a plane transverse to the beam direction.
Because of the short lifetime of the ⌅� a minimal distance between the primary target and the absorber material
is essential to reach the optimal stopping probability.

production is that antiprotons are stable and can be retained in a storage ring thus allowing rather high
luminosities. Because of the two-step production mechanism, spectroscopic studies based on two-
body kinematics cannot be performed for ⇤⇤ hypernuclei and spectroscopic information can only be
obtained via their decay products. The kinetic energies of weak decay products are sensitive to the
binding energies of the two ⇤ hyperons. While the double pionic decay of light double hypernuclei
can be used as an e↵ective filter to reduce the background, the unique identification of hypernuclei
groundstates only via their pionic decay is usually hampered by the limited resolution. In addition to
the general purpose PANDA setup, the hypernuclear experiment requires a dedicated primary target
to produce low momentum ⌅�, an active secondary target of silicon layers and absorber material
to stop the ⌅�-hyperons and to detect pions from the weak decay of hypernuclei and a high purity
germanium (HPGe) array as � -detectors. The design of the setup and the development of these
detectors is progressing (Figs. 4 and 5).

The primary target will consist of a diamond filament which will be moved in the halo of the
antiproton beam to reach a constant luminosity during the measuring periods. Because of the short
lifetime of the ⌅�-hyperons and their finite stopping time in the secondary target, it is essential to

Fig. 5. Left: Final design of for one triple Detektors of the Panda Germanium Assembly PANGEAS. Right:
expected full -energy-peak e�ciency of the PANGEAS setup in PANDA.
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~30.000 stopped       ’s per day⌅�

⇤⇤ Hypernuclei
Experiment PANDA

Internal Target
Conclusions

⇤⇤ Hypernuclei Production
Direct and Indirect Reactions
PANDA @ FAIR
PANDA Setup

PANDA Setup

  

From A. Sanchez, Panda Meeting 9.2012

The Hypernuclear setup of PANDA

1 diamond wire as internal
target

3 modules, each made of
alternate layers of Si µ-strips,
nuclear target, Si µ-strips...

Si µ-strips (⇡±, p detection)

HPGe array (X , � detection)

(K+ from ⌅ annihilation are
detected by the central tracker of
PANDA)

R. Introzzi on behalf of the PANDA Collaboration MeNu 2013 16[21
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Hyperon spectroscopy

Map out the |S|=2 excited baryon spectrum

distribution of the produced cascades are isotropically generated since no experimental data exist.
The generated Dalitz plot and the ⇤K� invariant mass distribution are shown in Figure ??.
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Figure 11: Reaction and decay tree for the event generation

The full decay tree is shown in figure 11.
For this study 4.47445·106 signal events were generated with the event generator EvtGen [?].

Table 3: EvtGen input

Weight Reaction

0.2 ⌅ (1690)� ⌅
+

0.2 ⌅ (1690)+ ⌅�

0.2 ⌅ (1820)� ⌅
+

0.2 ⌅ (1820)+ ⌅�

0.1 ⌅
+
⇤0

K
�

0.1 ⌅� ⇤
0
K

+

The analysis was performed in the same way as in Section 6.1.2: with ideal pattern recognition,
ideal PID with additional requirements on the number of hits in order to mimic the realistic case.
The final state is required to contain p, p̄, ⇡�, ⇡+, K� and K+. The ⇤ candidates were identified
by combining p and ⇡

� into a common vertex. The invariant mass must fulfil |M(p⇡�)�m⇤| < 0.3
GeV/c2. A mass constraint fit was performed and only combinations with a probability larger than
1% in both the vertex- and the mass constraint fit, were selected for further analysis. If more than
one ⇤ or ⇤̄ was found in an event, then the one with the smallest �2 from the vertex fit was chosen.
The ⇤ (⇤̄) reconstruction efficiency was found to be 37.3% (36.8%).

The ⌅� (⌅+) candidates are identified by combining the ⇤ (⇤) candidate with the remaining
⇡
� (⇡+). The selection of ⌅� and ⌅

+ follows the same scheme as that of ⇤ and ⇤: invariant mass,
vertex fit and mass constraint fit. The reconstruction efficiency for ⌅� (⌅+) is 19.7% (19.3%).

For the reconstruction of the whole decay chain ⌅
+
⇤K

� are combined. The same is done with
⌅� ⇤K

+ for the charge conjugate channel. The resulting four-momentum vector is fitted with the
constraint to match to the initial four-momentum of the p̄p entrance channel. After the fit only
those candidates are selected which have a �

2 probability of more than 1%.
The reconstructed Dalitz plot and ⇤K� invariant mass are shown in Figure ??. The acceptance

is flat with respect to the Dalitz plot variables and the angles, which minimizes the systematics in
the planned partial wave analysis of this final state.

In order to evaluate the ⌅ and ⌅̄ resonance parameters, the ⇤K� and ⇤̄K+ mass distribu-
tions have been fitted with two Voigt functions combined with a polynomial. By comparing the
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Figure 12: (a) The generated Dalitz plot of the ⇤K�⌅
+ final state. The ⌅(1690)� and ⌅(1820)�

resonances show up as vertical bands.(b) The ⇤K� invariant mass of the generated data.
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Figure 13: (a) The reconstructed Dalitz plot of the ⇤K�⌅
+ final state.(b) The ⇤K� invariant

mass of the reconstructed MC data.

case. The final state is required to contain p, p̄, ⇡�, ⇡+, K� and K+. The ⇤ candidates were
identified by combining p and ⇡� into a common vertex and applying a mass window criterion. The
⌅� (⌅⇤) hyperons were identified by combining ⇤ candidates with the remaining pions (kaons).
Background was further suppress by a decay tree fit in the same way as in Section 5.1.2. The
exclusive reconstruction efficiency was found to be 5.4%. Assuming a p̄p ! ⌅̄⇤⌅ cross section of
1µb, this corresponds to a reconstruction rate of 0.2s�1 or 19000 events per day. The cross section
has never been measured, but should not be very different from that of ground-state ⌅̄+⌅� [101]
that was measured by Ref. [81] to be around 1µb.

The background was studied using a DPM sample containing 108 events and the data were
weighted assuming a total 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-background is
S/B > 19. The numbers are summarized in Table 2.

The reconstructed Dalitz plot and ⇤K� invariant mass are shown in Figure 13. The acceptance
is flat with respect to the Dalitz plot variables and the angles, which minimizes the systematics in
the planned partial wave analysis of this final state.

In order to evaluate the ⌅ and ⌅̄ resonance parameters, the ⇤K� and ⇤̄K+ mass distribu-
tions have been fitted with two Voigt functions combined with a polynomial. By comparing the
reconstructed ⇤K� and ⇤̄K+ widths to the generated ones, the mass resolution was estimated to
�M = 4.0MeV for the ⌅(1690)� and �M = 6.7MeV for the ⌅(1820)�. The obtained fit values are
shown in Table 4. In both cases, the fitted masses are in good agreement with the input values.
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Electromagnetic form factors

Sachs                    GM  =  F1+F2
Form Factors        GE  =  F1+τF2

Dirac / Pauli

dσ

d cosθ
~ 1/q2 [|GM|2 (1+cos2 θ) + |GE|2/τ sin2 θ]

 q2

4M2=τ

Analytical nature of form factors
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* EPJA 52 325 (2016)

Phase-1		
pp à	e+e-	 	@1.5	GeV/c	 	~	220/day	
pp à	e+e-	 	@3.3	GeV/c				~	10/day	
pp à	μ+μ-	 	@1.5	GeV/c 	~	170/day	
Day-1	
pp à	e+e-π0	 	@1.5	GeV/c	 	~	3’500/day	

Antiproton physics at

Form Factors
High-q2 structure:

• Form factors with electron and muons.
• 𝑒+𝑒− → ҧ𝑝𝑝 vs. ҧ𝑝𝑝 → 𝑒+𝑒−

- Previous experiments reveal discrepancies*
- New insights on oscillations**,***?

• Broad energy range .
• High precision already in Phase One.****

𝒆−, 𝝁−

𝒆+, 𝝁+ҧ𝑝

𝑝

44

*PS170: Nucl. Phys. B 411, 3 (1994)
** BESIII: Phys. Rev. Lett. 124, 042001 (2020), BESIII: Nature Phys. 17, 1200 (2021)
***BaBar: Phys. Rev. D 87, 092005 (2013).
****PANDA: Eur. Phys. J A 57:30 (2021), PANDA: Eur. Phys. J A 57:184 (2021)
****PANDA: Eur. Phys. J A 52:10 (2016)

Stage 2 𝑒+𝑒−, Stage 3 𝑒+𝑒−, Stage 3 𝜇+𝜇−

BES3	 PANDA	P1	P1+P2	P3	

R =
|GE |
|GM |
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