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Why study hyperon-nucleon interactions?

Understanding NN and YN interactions is essential for having a 
comprehensive picture of nuclear dynamics and strong interactions.

• Understand hypernuclear structures and hyperon matters

• NN and YN interactions together give a unified understanding of baryon-
baryon interactions.

• The formation of heavy neutron star à The hyperon puzzle



Neutron stars offer a unique window into fundamental 
matters and interactions under extreme conditions.

Figure from arXiv:1805.00837



Neutron stars offer a unique window into fundamental 
matters and interactions under extreme conditions.

Figure from arXiv:1805.00837

• The inner core is modeled 
as a uniform liquid in 
equilibrium w.r.t. weak 
interactions.

• As a consequence, the
inverse process of hyperon
decaying into nucleons must
also occur.

• The appearance of hyperons 
softens the equation of 
state (EOS) and reduces the 
mass of the neutron star.



Under these assumptions, neutron stars are expected to be 
lighter than (1.5 – 2) Solar masses:
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But we have observed neutron stars heavier than two solar masses.
This is the hyerpon puzzle!



• So we don’t quite understand YN interactions, because there’s been 
very few measurements historically.
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YN and YY interactions. Three major approaches are
• Meson-exchange Potential models (Nijmegen and Julich potentials)
• the Chiral Effective Field Theory (xEFT)
• Lattice QCD simulations

The underlying organizing principle is the SU(3) flavor symmetry:

A major challenge: How to best incorporate SU(3) breaking effects amid 
constraints from the NN sector?



Parallel to the new experimental efforts, there’s a new approach to 
understand nuclear dynamics from the quantum information-theoretic 
perspective:

This raises the intriguing possibility of understanding nuclear interactions 
and the associated emergent symmetries from quantum entanglement!

arXiv:1812.03138



Entanglement is quantum world’s most prominent feature:

• It refers to the situation where a measurement on a subsystem will 
improve our knowledge on the rest of the system.

• A quantum state of a system is entangled if it cannot be written as a 
tensor-product state of its subsystems.

• Consider a bipartite system                                  , a state vector

is entangled if there is NO                       and                      such 

that   



To quantify the amount of entanglement, we need entanglement 
measure.

Many possibilities for Entanglement Measure. For bipartite systems:

The common property is that the entanglement measure vanishes for a 
product state                                , but attains the maximum for maximally 
entangled states (such as the Bell states.)

von Neumann entropy:

Linear entropy:



Entanglement is a property of the quantum state. But we are more 
interested in the ability of a quantum-mechanical operator (i.e. the S-
matrix) to entangle. 



Entanglement is a property of the quantum state. But we are more 
interested in the ability of a quantum-mechanical operator (i.e. the S-
matrix) to entangle. 

The “entanglement power” deals with this issue is by averaging over the 
initial states:

It is a measure of the ability of an operator U to generate entanglement 
on product states. 



Entanglement is a property of the quantum state. But we are more 
interested in the ability of a quantum-mechanical operator (i.e. the S-
matrix) to entangle. 

The “entanglement power” deals with this issue is by averaging over the 
initial states:

It is a measure of the ability of an operator U to generate entanglement 
on product states. 

A minimally entangling operator has E(U) = 0, i.e., 

Two operators have the same entanglement power if they differ by
single-qubit operations:
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Using these tools, the Seattle group found the S-matrix in NN scattering 
tends to minimize entanglement in the far infrared region with the 
nucleons as fundamental degrees of freedom:

arXiv:1812.03138
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Pionless EFT!



Moreover, regions of entanglement suppression coincides with the 
appearance of emergent symmetries such as the spin-flavor symmetry 
and the non-relativistic conformal invariance:

Slide by D.B. Kaplan



Emergent symmetries in NN scattering:

• Schrodinger symmetry (non-relativistic conformal invariance)

• Spin-flavor symmetries

The largest symmetry group preserved by the Schrodinger 
equation, which includes Galilean boosts, scale and special 
conformal transformations.

Symmetries mixing flavor (internal) with spin (spacetime). 
Examples: SU(2Nf) quark spin-flavor symmetries; 
Wigner’s ‘’supermultiplet” SU(4) spin-flavor symmetry:



We would like to stuy the information-theoretic property of the S-matrix.

In the scattering process the S-matrix acts on the IN-state:

For 2-to-2 scattering of spin-1/2 fermions, the S-matrix can be viewed as a 
quantum logic gate acting on the spin-space:
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Low, Mehen: 2104.10835



It turns out that, modulo the equivalent class, there are two and only two 
minimally entangling operators, 

In terms of Pauli matrices,

Identity gate: do nothing.
SWAP gate: interchange the qubits.

Low, Mehen: 2104.10835
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SWAP ⇠ �1 as [SWAP]2 = 1



Consider the scattering of two qubits, Alice and Bob, in the low-energy:

• Only the s-wave channel dominates.

• The S-matrix can be decomposed into 1S0 and 3S1 channels à there 
are two phase shifts: 𝛿0 and 𝛿1 , respectively.

• Rotational invariance and Unitarity then uniquely fix the S-matrix:

Spin-projector 
into 1S0 channel

Spin-projector 
into 3S1 channel
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In terms of quantum logic gates,

Low, Mehen: 2104.10835

Conditions for the S-matrix to minimize entanglement:
1. S = 1    if     𝛿0 =  𝛿1  SU(4) or SU(16) spin-flavor sym.
2. S = SWAP    if   |𝛿0 - 𝛿1| = 𝜋/2                Schrodinger sym.



In terms of quantum logic gates,

The appearance of emergent symmetries in NN scattering is a 
consequence of the S-matrix minimizing entanglement!

Low, Mehen: 2104.10835

Conditions for the S-matrix to minimize entanglement:
1. S = 1    if     𝛿0 =  𝛿1  SU(4) or SU(16) spin-flavor sym.
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• Nucleons are part of spin-1/2 octet baryons:
In the SU(3) flavor-symmetric limit :

A low-energy effective field theory:

Savage, Wise (1995)
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h · i ⌘ Tr( · )



Lattice QCD could compute the six Wilson coefficients under some special 
circumstances:

m𝜋 = 804 MeV m𝜋 = 450 MeV

m𝜋 = 150 MeV in reality



In the limit where all coefficients but c5 are vanishing:

The remaining operator can be re-written,

which is invariant under an SU(16) spin-flavor symmetry
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B ! UB , U †U = 1

There is no large Nc explanation!

U = 16x16 
unitary matrix!



Let’s extend the analysis to other spin-1/2 baryons, which have 
a rich theoretical structure and phenomenology:

-- A total 8x8 = 64 scattering channels. Assuming SU(3) flavor:

-- Strong interaction preserves charge (Q) and strangeness (S)

à Classify the scattering channel into sectors with definitive (Q, 
S).
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The S-matrix is block-diagonal among different (Q,S) sectors.
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The S-matrix is block-diagonal among different (Q,S) sectors.

3-d sector

Liu, Low, Mehen: 2210.12085



The S-matrix is block-diagonal among different (Q,S) sectors.

6-d sector
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We are able to obtain conditions on the scattering phases under which 
each (Q, S) sector is minimally entangled:

Liu, Low, Mehen: 2210.12085



A summary table on possible emerging symmetries:

What does the data say?



• It turns out there are global fits of scattering phases using YN data, 
based on the meson-exchange potential models and xEFT.

• E40 collaboration at J-PARC also fitted the scattering phases in 
(Sigma+, p) scattering:

arXiv: 2203.08393



• It turns out there are global fits of scattering phases using YN data, 
based on the meson-exchange potential models and xEFT.

• E40 collaboration at J-PARC also fitted the scattering phases in 
(Sigma+, p) scattering:

Data do not yet have the discriminating power to
break the sign degeneracy in 3S1 channel, which is
crucial for understanding the hyperon puzzle!

arXiv: 2203.08393



We considered the S=-1 
hyperons:

Q. Liu and IL: 2312.02289



We considered the S=-1 
hyperons:

Q. Liu and IL: 2312.02289

Reall (Lambda, p) and
(Lambda, n) are related
by isospin invariance.
They share similar features.

We stay below the pion production 
Threshold:



The same observation apply to (Sigma-,p), (Sigma0, p) as well as 
their isospin partners (Sigma+,n) and(Sigma0,n):

Entanglement suppression!

Q. Liu and IL: 2312.02289



One outlier is (Sigma+, p) channel, where differing global fits give 
different results:
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One outlier is (Sigma+, p) channel, where differing global fits give 
different results:

NO entanglement 
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YES entanglement 
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For (Lambda+, p), we proposed a “quantum observable” which could 
break the degeneracy among different global fits:

Q. Liu and IL: 2312.02289



Outlook

• QIS provides new tools and perspectives to understand
nuclear dynamics.

• In the NN sector, emergent symmetries can be viewed as
consequences of entanglement suppression.

• Existing global fits on YN scattering provide hints of
entanglement suppression. Need more data!

• New “Quantum Observables” could provide insights into 
the long-standing hyperon puzzle.


