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The Hyperon Puzzle 
The Hyperon Puzzle of Neutron Stars

• Hyperons are expected to appear in the 
core of neutron stars at ρ ~ (2 - 3) ρ0 

when the conversion from nucleons to 
hyperons is energetically favorable

• The appearance of hyperons in the 
core, softens the Equation of State 
(EoS) and  leads to a reduction of the 
predicted mass

• The observation of neutron stars with 
masses ≳2M⊙ is incompatible with such a 
soft EoS: hyperon puzzle

I. Vidana, Proc. R. Soc. A 474, 20180145 (2018)
http://dx.doi.org/10.1098/rspa.2018.0145 
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Figure 8. Illustration of the effect of the presence of hyperons on the EoS (a) and mass of a neutron star (b). A generic model
with (solid line) and without (dashed line) hyperons has been considered. The horizontal lines show the observational mass of
the Hulse–Taylor [185] pulsar and the recently observed PSR J1614 − 2230 [186] and PSR J0348 + 0432 [187]. (Online version
in colour.)

of the EoS and a larger (smaller) reduction of the maximum mass. However, it is well known
(e.g. [127,128]) that, due to several compensation mechanisms, hyperons equalize the effect of
different nucleonic interactions: a stiffer nucleonic EoS will lead to an earlier onset of hyperons
thus enhancing the softening due to their presence. Conversely, a later onset of a certain hyperon
species will favour the appearance of other species leading also to a softer EoS. The resulting
maximum mass is surprisingly quite insensitive to the pure nucleonic EoS, and even to the details
of the YN and YY interactions (e.g. [127], fig. 2 and [128], fig. 3).

Other neutron star properties, such as their thermal and structural evolution, can also be very
sensitive to the composition, and therefore to the hyperonic content of neutron star interiors.
In particular, the cooling of neutron stars may be affected by the presence of hyperons, as they
can modify neutrino emissivities and can allow for fast-cooling mechanisms. Furthermore, the
emission of gravitational waves in hot and rapidly rotating neutron stars due to the so-called
r-mode instability can also be affected by the presence of hyperons in neutron stars, because the
bulk viscosity of neutron star matter is dominated by the contribution of hyperons as soon as they
appear in the neutron star interior.

In the following, we briefly review the hyperon puzzle and present some of the ideas proposed
to solve it. Then we re-examine the role of hyperons on the properties of newly born neutron stars,
neutron star cooling and the r-mode instability.

(a) The hyperon puzzle
The presence of hyperons in neutron stars was considered for the first time in the pioneering
work of Ambartsumyan & Saakyan in 1960 [178]. Since then, their effects on the properties of
these objects have been studied by many authors using either phenomenological [87–96,179–184]
or microscopic [121–133] approaches for the neutron star matter EoS with hyperons. All these
approaches agree that hyperons may appear in the inner core of neutron stars at densities of
approximately 2–3ρ0 as it has been said. At such densities, the nucleon chemical potential is
large enough to make the conversion of nucleons into hyperons energetically favourable. This
conversion relieves the Fermi pressure exerted by the baryons and makes the EoS softer, as it is
illustrated in figure 8a for a generic model with (black solid line) and without (red dashed line)
hyperons. As a consequence (see figure 8b) the mass of the star, particularly its maximum value, is
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• Hyperons are expected to appear in the core of 
NS at ρ ~ 2 – 3 ρ0

• Hyperon soften the EoS à Reduction on 
maximum NS mass

• Observation of NS with MG>2Ms is incompatible 
with such soft EoS à Hyperon Puzzle

Artist rendition of NS mergerMSP MG=2.14 +/- 0.1 Ms Nat Astron (2019) doi:10.1038/s41550-019-0880-2



The Hyperon Puzzle 

Hyperon Puzzle: Possible solutions
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• YY and YN forces
• YNN and YYN three body forces

Experimental data are needed to place constraints on the interaction 

A comprehensive picture of the strong interaction is needed to understand both the NN 
and YN interactions

D. Lonardoni, Phys. Rev. Lett. 114, 092301 (2015)
J. Haidenbauer et al., Eur. Phys. J. A 53, 121 (2017)
I. Vidana, Proc. R. Soc. A 474, 20180145 (2018) 

YN interaction is poorly constrained: Difficulties associated with performing 
high-precision scattering experiments with hyperon beams  

• Large uncertainties in the scattering lengths 

a(1S0) = �0.7��2.6 fm

a(3S1) = �1.7��2.15 fm
<latexit sha1_base64="jcfVggXyExLUfzE15wVL9O+ntJE="></latexit>



What is available?
Best way to obtain information is through YNàYN
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10 51. Plots of Cross Sections and Related Quantities

Figure 51.6: Total and elastic cross sections for pp and pp collisions as a function of laboratory
beam momentum and total center-of-mass energy. ‡el is computed using the nuclear part of the
elastic scattering amplitude [126]. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

6th December, 2019 11:48am

15 51. Plots of Cross Sections and Related Quantities

Figure 51.11: Total and elastic cross sections for »p, total cross section for À≠p, and total
hadronic cross sections for “d, “p, and ““ collisions as a function of laboratory beam momentum
and the total center-of-mass energy. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

6th December, 2019 11:48am

pp scattering
Λp scattering

Plots from PDG 2018

Total of <1300 observed Λp à Λ p

FIGURE 2. The existing data for the process pp→ pp, from Ref. [2].

The present world data sample for the process Λp → Λp consists of thirteen publications.[8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20] Table 1 summarizes the existing world data set for this process. There have been a total

TABLE 1. The existing data for the process Λp→ Λp.

Reference Λ source Detector pΛ NΛp→Λp

Crawford et al. [8] π−p→ ΛK0 LH2 BC 0.5–1.0 4
Alexander et al. (1961) [9] π−p→ ΛK0 LH2 BC 0.4–1.0 14
Groves [10] K−N → Λπ Propane BC 0.3–1.5 26
Beillière et al. [11] K−N → Λπ Freon BC 0.5–1.2 86
Piekenbrock and Oppenheimer [12] K−A→ ΛX Heavy Liquid BC 0.15–0.4 11
Sechi-Zorn et al. (1964) [13] K−p→ ΛX LH2 BC 0.12–0.4 75

Vishnevksiĭ et al. [14] nA→ ΛX Propane BC 0.9–4.7 12
Bassano et al. [15] K−p→ ΛX LH2 BC 1.0–5.0 68
Alexander et al. (1968) [16] K−p→ ΛX LH2 BC 0.1–0.3 378
Sechi-Zorn et al. (1968) [17] K−p→ ΛX LH2 BC 0.1–0.3 224
Kadyk et al. [18] K−Pt→ ΛX LH2 BC 0.3–1.5 175
Anderson et al. [19] pPt→ ΛX LH2 BC 1.0–17.0 109
Mount et al. [20] pCu→ ΛX LH2 BC 0.5–24.0 71

of less than 1300 observed Λp → Λp events. All of the experiments used bubble chambers, which limited the rate at
which data could be taken. In all of the previous measurements, the incident Λ is created inside a bubble chamber via
some other process (the “Λ source” column in Table 1; the Λ then interacts with a proton within the bubble chamber
to produce the Λp→ Λp event.

DATA-MINING PLAN

A similar approach to this process could be successful today. While the detectors in common usage today do not allow
the complete visualization of events afforded by the bubble chambers used in the older experiments, they have the

Difficulties performing high-precision scattering 
experiments with short-lived beams



Hyperon Physics – Complementary approaches
Hyper-nuclear physics
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⇡+ + AZ ! A
⇤Z +K+

e� + AZ ! e� + A
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Hypernuclear studies have uncertainties associated with 
medium modification as well as many-body effect

42 Single Λ
3 Double Λ



Hyperon Physics – Complementary approaches
Final State Interactions
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• Two-step process where Hyperon rescatters with 
secondary nucleon

• Kaon identification allows tagging of hyperon 
beam

• 4π detector allows full reconstruction of the event

• Hydrogen and deuterium targets 

c⌧⇤ = 7.89 cm
⌧⇤ = 2.6⇥ 10�10 s

BR(p⇡�) = 63.9%
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γN! KY YN! ΛN
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Exclusive hyperon Photoproduction off deuterium

8The QF events can be significantly reduced or enhanced  experimentally, through kinematic constraints



Hyperon-Nucleon  Theoretical studiesPOLARIZATION OBSERVABLES IN EXCLUSIVE KAON . . . PHYSICAL REVIEW C 74, 034002 (2006)
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FIG. 11. Same as Fig. 9, except for kaon lab angle θK = 17◦.

in the next subsection. In Fig. 2 we also see the FSI effects
around the "N and the #N thresholds. Around the #N
threshold, the NSC97f result shows a prominent cusp-like
structure, whereas the NSC89 one displays only a little
deviation from the PWIA result. This fact can be traced back
to the location of the S-matrix pole for the "N -#N system
around the #N threshold, the full detail of which has been
discussed in Refs. [6] and [26]. The structure produced by
NSC97f with different "N -#N partial wave contributions is
enlarged in Fig. 3. The line indicated by Jmax = 0 incorporates
the 1S0 and 3P0 components and Jmax = 1 includes all the
partial waves up to J = 1. It shows that the J = 1 state is
responsible for this structure, which is consistent with the
known fact that the S-matrix pole mentioned above exists in
the 3S1-3D1 state.

In Fig. 4, the inclusive cross sections for three different
kaon lab angles, i.e., θK = 1◦, 10◦, and 20◦, are shown, where
the cross section maxima shift as the kaon angle increases.
We confirmed that, in contrast to the θK = 1◦ case, the cross
sections at θK = 20◦ have little YN FSI effects in the region of
pK larger than 750 MeV/c. Also we verified that the Jmax = 1
results are converged with regard to the angular momentum
decomposition of the YN system throughout the figures for the
inclusive cross sections.

dσ / (dpK dΩK dΩΣ)   [nb c /(MeV sr2)]
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FIG. 12. Differential cross section and polarization observables
Py, Cz, Cx , and # for the 2H(γ , K+#− )p process as functions of the
# angle θ ′

# . The kaon lab momentum and angle are fixed at pk = 860
MeV/c and θK = 1◦. The YN interaction NSC97f is used and different
partial wave contributions are shown. The available # lab angles are
limited to less than θ ′

# = 21◦.

Finally, in Fig. 5 we give the three-dimensional plots of the
inclusive cross sections as a function of lab kaon momentum
pK and angle θK , where individual contributions of the
"n,#0n, and #− p processes are also shown. On the plane of
pK = 750 ∼ 1000 MeV/c and θK = 1 ∼ 20◦, we can identify
the area where the cross sections are large. In particular, the two
peaks seen in Fig. 1 form two ridges in the pK − θK plane, and
it is confirmed that these ridges run along the pK − θK values
which satisfy the QFS condition.

B. Exclusive observables

There are many ways to present exclusive observables
including the polarization ones. Here, we show five ob-
servables, i.e., differential cross section dσ/dpKd&Kd&Y ,
hyperon polarization Py , double polarizations Cz and Cx ,
and the beam polarization asymmetry #, as a function of the
hyperon angle for fixed kaon momentum and kaon angle. As
kaon momenta, we select pK = 975 MeV/c (just above the
"n threshold), 944 MeV/c (close to the " QFS peak), 870 and
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FIG. 6. Kinematics in the deuteron rest frame. The z axis points
into the photon beam direction pγ and the kaon lies in the x-z plane.
The momentum transferred to the YN system, pγ − pK , defines the
z′ axis. The hyperon angle θ ′

Y is measured from the z′ axis.
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FIG. 7. Differential cross section and polarization observables
Py, C z, C x , and #, for the 2H(γ , K+$)n process as a function of the
hyperon lab angle θ ′

$. The kaon lab momentum and angle are fixed
at pk = 975 MeV/c and θK = 1◦. The YN interaction NSC97f is used
and different partial wave contributions are shown. The possible $

angles are limited to less than 17◦.
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FIG. 8. Same as Fig. 7, except for kaon lab momentum pk =
944 MeV/c. The results obtained from NSC97f and NSC89 are
compared with the ones obtained from PWIA.

C x =
Tr{Mϵ=ϵ1M

+
ϵ=ϵ1

σx}
Tr{Mϵ=ϵ1M

+
ϵ=ϵ1

}
, (20)

C z =
Tr{Mϵ=ϵ1M

+
ϵ=ϵ1

σz}
Tr{Mϵ=ϵ1M

+
ϵ=ϵ1

}
. (21)

In the definitions above, M is the K+YN breakup amplitude

M(µY µN ; µdϵ) = ⟨'(−)
qY µY νY µN νN

|tγK (1)|'dµd⟩, (22)

with Mϵ=ϵy
as the amplitude where the photon polarization

points into the y axis, ϵ = ϵy , and so on. The photon polar-
ization ϵ1 = − 1√

2
(ϵx + iϵy) describes the helicity state +1.

The beam polarization asymmetry # is obtained with linearly
polarized photon, while the double polarization observables
C x and C z are the hyperon polarization along with circularly
polarized photons.

IV. RESULTS AND DISCUSSIONS

As mentioned in Sec. I, the aim of this article is twofold,
i.e., to study the YN final-state interaction (FSI) effects as well
as to extract the information on the elementary amplitude in
the region where FSI effects are negligible. For this purpose,
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• Existing YN models allow the calculation of 
single and double polarization observables

• Two YN potentials (NSC97F and NSC89) give 
the correct hypetrition binding energy

• NSC97F and NSC89 lead to very different 
predictions of polarisation observables at 
some kinematics

�d ! K+⇤n
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Preliminary Results

● Black: Existing data 
from PDG 

● Green: Measurements 
from this study

● Blue: Systematic Errors
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Polarisation observables
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Beam Polarisation
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Reaction Reconstruction

Figure 9: Missing mass as a function of invariant mass indicating the sources of different contributions.

4.2 Accidental background370

Contributions from accidental background was determined using the real data. Specifically, the pro-371

ton, pion, and kaon accidental background missing-mass shape was constructed through event mixing;372

i.e. by randomly selecting an event from the entire data set and replacing the corresponding particle373

with the one from the random event. For example, the accidental proton background was determined374

by reconstructing the event using a proton from a randomly chosen event (invariant-mass cuts were ap-375

plied to the accidental events). The accidental background is rather uniformly distributed over the entire376

missing-mass distribution (the contributions and shape of the accidental background is shown in Sec. 5)377

4.3 Summary378

A comprehensive list of background contributions was investigated using generated events and event-379

mixing. The generated events were processed through GSIM in an attempt to establish the contribution380

of each channel to our reconstructed events. The method employed for background subtraction using381

these channels is described in detail in Sec. 5.382
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 86: ⌃ and dilutions for Reaction 8 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 84: ⌃ and dilutions for Reaction 3 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 83: ⌃ and dilutions for Reaction 2 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Figure 82: ⌃ and dilutions for Reaction 1 for 4 different ⌃1ststep values. Go back to Tabl. 6.
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Interpretation studies
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KLF

•Precise measurement on YN interaction (~30 times 
higher statistics)
• Cross section and polarization observables

• First measurement on double strangeness Xi-N 
interaction
•Access to three-body forces 


