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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   



Consider a system of two spin-1/2 particles.

• |↑↓⟩ ≡ |↑⟩ ⊗|↓⟩ is an unentangled state: 

Measurement of one spin would not change the outcome of the other.

• (|↑↓⟩+ |↓↑⟩ )/√2 is an entangled state:

Measurement of the first spin would collapse the state into |↑↓⟩ or   

|↓↑⟩, which consequently determines the second spin. 



Erwin Schrodinger coined the phrase “entanglement”:



Einstein famously attacked “entanglement” as spooky action at a distance:





On the other hand, symmetry is among the most fundamental 
principles in physics:

Powerful characterization of nature based on invariance under a 
specified group of transformations.

Symmetries give rise to conserved quantities: energy, momentum,  
angular momentum, etc.

Combining with quantum mechanics, there is a subtle realization of 
symmetry – spontaneous symmetry breaking.

All known fundamental interactions are based on symmetry principles.



Chen-Ning Yang famously 
coined the phrase:

Symmetry dictates Interaction!

• Lorentz invariance à
Special Relativity

• General coordinate invariance à
General Relativity

• Gauge invariance à
QCD and Electroweak theory.



But what is the origin of symmetry?

There are two historical perspectives:

Beauty In, Garbage Out –
As we explore higher and higher energy regimes, we discover 
more and more symmetries. The symmetry is usually hidden 
or broken in low energies.
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But what is the origin of symmetry?

There are two historical perspectives:

Beauty In, Garbage Out –
As we explore higher and higher energy regimes, we discover 
more and more symmetries. The symmetry is usually hidden 
or broken in low energies.

Garbage In, Beauty Out –
At high energy level there is no symmetry. Rather symmetry 
emerges only at large distances, in the infrared. These are 
emergent symmetries.

But neither explain whether symmetry can be the natural 
outgrowth of more fundamental principles.



John Wheeler famously coined the phrase:
It from bit : “All things physical are information-theoretic in 

origin”



Indeed, we have seen remarkable connections between 
fundamental physics and information science in the past 
decade. 
It is natural to ask:

Can symmetry come from qubit?



In 2018 a group from Seattle made a fascinating observation regarding 
emergent symmetries and entanglement suppression in low-energy QCD:

This raises the intriguing possibility of understanding symmetry from 
quantum entanglement!



In this talk, we will use low-energy QCD as the primary playground to 
study:

• Unexpected, emerging (approximate) global symmetries in low-energy 
hadronic physics.

• Connection between symmetry and entanglement suppression in non-
relativistic 2-to-2 scattering of fermions.

• Elucidate the connection from an information-theoretic viewpoint.

However, the lessons we learned seem to be quite general – will see 
examples ranging from two-Higgs-doublet-model to flavor physics.



Emergent symmetries in low-energy QCD:

• 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). 
Possible only in non-relativistic systems. 
Examples: SU(2Nf) quark spin-flavor symmetries; Wigner’s 
‘’supermultiplet” SU(4) spin-flavor symmetry.



In low-energy nuclear physics, Wigner observed the SU(4) spin-flavor 
symmetry in 1936:

In this case the neutron and proton fill out a “supermultiplet”:



Schrodinger Symmetry (NR conformal symmetry)

• Unnaturally large scattering lengths in low-energy NN scattering in the 
s-wave, which include 1S0 and 3S1 channels. 



Schrodinger Symmetry (NR conformal symmetry):

• Unnaturally large scattering lengths in low-energy NN scattering in the 
s-wave, which include 1S0 and 3S1 channels. 
In a non-relativistic QFT, the S-matrix is

It is long known that it’s p cot 𝛿 which admits an expansion in 1/p, the    
Effective Range Expansion (ERE):

The scattering length



In NN scattering:
• 1S0 : a0 = -23.7 fm
• 3S1 : a1 = 5.4 fm à Deuteron, which is a shallow, near-threshold bound    

state!
• 1/m𝜋 = 1.4 fm
• 𝜋

The deuteron



In the limit the scattering length a diverges, the system has no scale and 
exhibits Schrodinger symmetry, also known as the non-relativistic 
conformal invariance. Mehen, Stewart, Wise (1999)

At the infinitesimal level,

So NN scattering has approximate Schrodinger symmetry. 

WHO ORDERED THAT??!



• Nucleons are part of spin-1/2 octet baryons (three-quark bound states):

QCD Lagrangian has SU(3) quark-flavor symmetry in limit mu=md=ms .

Under this SU(3), the spin-1/2 baryons form an eight-dimensional 
irreducible representation -- the octet representation.



• 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



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!



To summarize, in low-energy QCD there exist several emergent global 
symmetries that are not symmetries of the fundamental QCD Lagrangian:

1. Wigner’s SU(4) symmetry and approximate SU(16) symmetry as 
indicated by lattice simulations.

2. Approximate Schrodinger symmetry in NN scattering.

These are emergent symmetries in low-energy QCD. Our goal is to 
understand 3 and 4 from a quantum information-theoretic perspective.



To discuss entanglement suppression, we need to quantify the amount 
of entanglement à 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:



For a system with two spin-1/2 particles, let’s define the “computational 
basis:”

Then for a general normalized state,

The reduced density matrix and linear entropy are

Easy to check that
1. It vanishes for a product state.
2. Maximal entanglement is 1/2, which is the case for the Bell states:



For a system with two spin-1/2 particles, let’s define the “computational 
basis:”

Then for a general normalized state,

The reduced density matrix and linear entropy are

Easy to check that
1. It vanishes for a product state.
2. Maximal entanglement is 1/2, which is the case for the Bell states:

2|𝛼𝛿 −𝛽𝛾| is the “concurrence” in QIS literature. 



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. 
However, there is a subtlety here, as the amount of entanglement 
generated by an operator could depend on the initial state.



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. 
However, there is a subtlety here, as the amount of entanglement 
generated by an operator could depend on the initial state.

Consider the CNOT (controlled NOT) gate in the computational basis:

CNOT does not entangle any of the basis state. However,



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

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

For quibts, the average
is over the Bloch sphere.



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

The entanglement power 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., 

There is, however, a notion of equivalent classes in this definition:

LOCC does not change entanglement!

For quibts, the average
is over the Bloch sphere.

<latexit sha1_base64="Z4Ayxior2e5o/Pgyt8rXdhdSi9I="></latexit>
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Modulo the equivalent class, there are two and only two minimally 
entangling operators, which in the computational basis,

In terms of Pauli matrices,

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

Low, Mehen: 2104.10835
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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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The distinction between “entanglement in a state” and “entanglement 
power in an operator” cannot be over-emphasized.

A lot of literature computed the entanglement in the final state as a 
function of scattering angle, instead of entanglement power:

2306.03239 1703.02989



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.



This is precisely the observation of the Seattle group:

Slide by D.B. Kaplan



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

-- Scattering of two baryons in general will change flavors, unlike 
in the nucleon scattering. 

-- In the limit of exact SU(3) flavor symmetry, Pauli exclusion 
principle forces the two-baryon wave function to be totally anti-
symmetric à an interesting interplay between flavor and spin. 



We will consider the spin-1/2 octet baryons:

2-to-2 scattering contains 64 channels, but group theory says:
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We will focus on the spin-1/2 octet baryons:

2-to-2 scattering contains 64 channels, but group theory says:
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8⌦ 8 = 27� 8S � 1� 10� 10� 8A

Symmetric 
in flavors

Anti-Symmetric 
in flavors

Symmetric in 
spins (3S1)!

Anti-Symmetric 
in spins (1S0)!

Pauli Exclusion 
Principle!



Recall strong interaction preserves charge (Q) and strangeness (S)
à Classify the scattering channel into sectors with definitive (Q, S).

Liu, Low, Mehen: 2210.12085

The S-matrix is block-diagonal among different (Q,S) sectors.
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Recall strong interaction preserves charge (Q) and strangeness (S)
à Classify the scattering channel into sectors with definitive (Q, S).

Liu, Low, Mehen: 2210.12085

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

3-d sector



Recall strong interaction preserves charge (Q) and strangeness (S)
à Classify the scattering channel into sectors with definitive (Q, S).

Liu, Low, Mehen: 2210.12085

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

6-d sector



A summary table on possible emerging symmetries:



A summary table on possible emerging symmetries:

What does the data say?
Let’s look at hyperon-nucleon interactions!



Understanding YN interactions has broad implications:

• 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 is not supported by current
theory/modeling of the core à The hyperon puzzle



• 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!

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

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

We stay below the pion production 
Threshold:



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

Q. Liu and IL: 2312.02289



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

NO entanglement 
suppression

Q. Liu and IL: 2312.02289



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

NO entanglement 
suppression

YES entanglement 
suppression

Q. Liu and IL: 2312.02289



For (Lambda+, p), we proposed a “quantum observable” which could 
break the degeneracy among different global fits:

Q. Liu and IL: 2312.02289



Very recently there’s a study on entanglement suppression in the 
scattering of charmed mesons and the associated exotic mesons X(3872) 
and Tcc(3875)+:

• X(3872) can be described as a shallow bound state (hadronic molecule) 
of D and Dbar* mesons.

• Tcc(3875)+ is conjectured to be a bound state of D*D mesons.

• Entanglement suppression predicts the existence of a new symmetry –
the light-quark spin symmetry. 
This symmetry predicts 5 and 1 isoscalar partners of X(3872)  and 
Tcc(3875)+, respectively. (HQSS predicts 3 and 1 partners.)

Hu, Chen, Guo: 2404.05958



Hu, Chen, Guo: 2404.05958

Predictions of entanglement suppression!



Next we will consider a very different physical system…
The Great Success of the Higgs Boson!







A prototype of models for electroweak symmetry breaking is the two-
Higgs-doublet model:

We will study quantum entanglement in the “flavor space” in 2-to-2 
scattering:



• Demanding the flavor entanglement is minimized, the scalar potential 
must have the following form:

• This potential has a maximal SO(8) symmetry, broken down to SO(7) by 
the Higgs VEV.

• More importantly, a SM-like Higgs boson follows from this scalar 
potential automatically!



Last but not least, there are efforts to explain the flavor pattern of the SM:

• Using a specific limit of tree-level 2-to-2 quark scattering mediated by 
gauge bosons, requiring entanglement suppression recovers the 
structure of the CKM matrix qualitatively.

• Applying the same logic to the lepton sector, the PMNS matrix is 
recovered qualitatively.

J. Thaler and S. Trifinopoulos, to appear
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In pursuit of a new paradigm:

The answer appears to be a tantalizing YES!

Can symmetry be the outgrowth of more 
fundamental principles?
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Predictive power 
for the first time!
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Opens up a new venue to rethink quantum field theory. Some examples:

• What is the information-theoretic measure to quantify the amount of 
symmetry,, eg SU(2) v.s. SU(3), in a physical system?

• What is the information-theoretic order-parameter for spontaneous 
symmetry breaking?

• What is the information-theoretic criterion for other types of 
symmetries, such as the conformal symmetry and gauge symmetry?

• The deuteron, as a near-threshold bound state, is often cited as the 
prime example that Nature could be unnatural. 
Can we understand (un)naturalness through the lens of quantum 
information?

Understanding these issues might help us devise more efficient quantum 
algorithms for simulating systems exhibiting a particular type of symmetry.
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An example of Wigner’s SU(4) in A=18 isobar 𝛽 decays:

= SU(4) multiplet

SU(4) disallowed

SU(4) allowed matrix 
elements are ~ 10 times 
larger than SU(4) disallowed.

In the EFT language, Wigner’s SU(4) is accidental in that, 
after imposing the SU(4) quark spin-flavor symmetry, the 
only remaining operator has this symmetry.



To investigate what emerging symmetries appear, it’s most convenient to 
use the EFT Lagrangian, where the symmetry is manifest:

These Wilson coefficients can be projected into SU(3)-symmetric Wilson 
coefficients:

Wagman et. al.: 1706.06550

Relation between scattering phase
and Wilson coefficient:

For natural scattering 
length, set 𝜇 = 0.


