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What is quantum entanglement, and why study it
• In a bi-partite system , a quantum state is 


• separable if it can be written as  (or  for 
mixed states)


• Entangled if otherwise 

• Interests in entangled states


• Non-local behavior: Bell inequality violation etc


• Resources for quantum computation and communication

ℋA ⊗ ℋB

ψA ⊗ ψB ρA ⊗ ρB

Huge interest in how quantum entanglement is 
produced, maintained, harvested or destroyed!
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Particle scattering can produce quantum entanglement

• Particle scattering generally produces entanglement: 


• Plane wave approximation for initial state   (  are 
internal d.o.f)


• The scattered state is literally the superposition of all possible outcomes— not 
separable in general! 





• We focus on the internal d.o.f. entanglement:


• It is observable with local detectors, which collapses the spacial wave function

| in⟩ = |pA, i⟩ ⊗ |pB, j⟩ i, j

|out⟩ = ∫ dpCdpD ∑
k,l

SpA,i,pB,j→pC,j,pD,l |pC, k⟩ ⊗ |pD, l⟩
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Qubits in Two-Higgs-Doublet Models
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Scalar scattering
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Entanglement measure in qubits: concurrence
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Entanglement maximization in the symmetric phase

• Amplitude matrix from quartic interaction (focus on the 
neutral-charged scattering as an example)


• Demanding maximal entanglement for basis initial states 
( ), we geta = 1,2; b = 1,2
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Enhanced symmetries 

• U(2)xU(2) symmetries are transparent in a different basis:
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Pauli matrices  in flavor space,  in EW space  τμ σμ



Entanglement maximization & amplitude factorization

• Mirror symmetry:


• S (A) components only interact with S (A) components


• The S/A basis and the computational basis are misaligned 


• Equal amplitudes for S-S and A-A:  symmetry


• Thus for all the charge sectors,


•  symmetry can be softly broken by mass terms

Z2

Z2

Produce entanglement in the computational basis

Entanglement maximization requires Mirror Symmetry    S ↔ A
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The case with  is similar V(4)
−



Entanglement maximization in the broken phase
• Scattering amplitudes have contributions from quartic and cubic interactions

• Factorization of  requires exact Mirror symmetry 

• : equal cubic vertices for S and A 
components


• Maximally symmetric quadratic terms 
: equal propagators.

ℳ

⟨ΦS⟩ = ⟨ΦA⟩

m11 = m22, m12 = 0

ℳ ∝

6 massless 
Goldstones, 


2 scalars with 
equal mass
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Entanglement maximization with gauge symmetries
• Need to gauge  symmetry:


• Entanglement maximization persists when the gauge symmetries are 
mirrored:

U(2) × U(2)
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         gS = gA
Equal vertices and gauge 
boson masses in both sectors ℳ ∝



Conclusions and outlook
• In 2HDM, entanglement power and symmetries are clearly correlated. Max 

entanglement of the elements of the computational basis in flavor space 
duplicates the SM electroweak gauge sector!


• Future works: 


• To make the model phenomenologically realistic: break the exact symmetry, 
fermions, cosmology…


• Quantum information tools: Quantum Key Distribution, Decoherence-free 
subspaces…
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