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Quantum Entanglement @ LHC    deviations> 5σ
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Quantum Entanglement @TH

• Emergence of symmetries

• Non-perturbative QCD effects

- Maximal Entanglement

- Entanglement suppression

Weinberg angle θw ≈
π
6

SU(4) Spin-flavor symmetry

CKM/PMNS flavor pattern

SO(8) symmetry in THDM

[Cervera-Lierta, Latorre, Rojo, and Rotolli ’17]

[Beane, Kaplan, Klco and Savage ’18]

[Thaler, Trifinopoulos ’24]

[Carena, Low, Wagner, and Xiao ’24]

[Von Kuk, Lee, Johannes, and Sun ’25]
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Quantum Entanglement @PH
• We use spin correlations as a diagnostic tool to reveal underlying quantum 

correlations, notably entanglement, in high-energy processes involving heavy-
particle production and decay.

- Top quark pair production

- Tau pair production

- Higgs decays

- Vector boson production

[Altakach, Lamba, Maltoni, Mawatari, and Sakurai ’22]
[Ehatäht, Fabbrichesi, Marzola and Veelken, ’23]

[Afik, Nova ’20] [Fabbrichesi, Floreanini, Panizzo ’21] [Severi, Boschi, Maltoni, Sioli ’22]

[Aguilar-Saavedra, Casas ’22]
[Dong, Gonçalves, Kong, Navarro ’23]

[Han Low, Barr ’23] [Aguilar-Saavedra ’23, ‘24]
[Maltoni, Severi, Tentori, Vryonidou ’24]

[Barr ’21] [Saavedra, Bernal, Casas, Moreno ’23] [Bernal, Caban, Rembielinski ’23], 
[Ma, Li ’23] [Aguilar-Saavedra ’24] [ Morales ’24] [Sullivan ’24] [Del Gratta et al ’24] 
[Gonçalves, Kaladharan, Krauss, Navarro ’25] [Gonçalves, Kaladharan, Navarro ’25].

[Aoude, Madge, Maltoni, Mantani ’22] [Fabbrichesi, Floreanini, Gabrielli, Marzola ’22]  
[Barr, Caban, Rembielinski ’23] [Morales ’23] [Ashby-Pickering, Barr, Wierzchucka ’23] 
[Grossi, Pellliccioli, Vicini ’24]

[Fabbrichesi, Marzola ’24] [Zhang, Zhou, Liu, Li, Hsu, Han’25]
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Quantum Tomography
• Polarimeter at collider = particle decay

τ−

π−

ντ

⇒

⇒

 (at rest frame)τ− → π− + ν τ−

1
Γ

dΓ
dΩ

=
1 + (p̂π− ⋅ ̂s)

2

̂s

1
Γf

dΓf

dΩ
=

1 + ωf(p̂f ⋅ ̂s)
2

In general, 

 ( )ωf ∈ [−1,1]

Ex)

For top quark, 1
Γf

dΓf

d cos θf
=

1
2

(1 + ωf cos θf)

Spin analyzing power
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Quantum Tomography
• One qubit characterized by 3 parameters

• Two qubit characterized by 15 parameters

ρ =
I2 + Biσi

2

ρ =
I2 ⊗ I2 + Biσi ⊗ I2 + B̄iI2 ⊗ σi + Cijσi ⊗ σj

4

Bi = ⟨σi⟩ = tr(σiρ)

Polarizations

Spin correlations

 Bi = ⟨σi ⊗ I2⟩

 B̄i = ⟨I2 ⊗ σi⟩

 Cij = ⟨σi ⊗ σj⟩

• Symmetry of theory is very useful. 

• Ex) P and CP invariance of QCD 
   =  =  and  =  ,  

in ,  production. 
→ Bi B̄i 0 Cij Cji

tt̄

         Spin  
    correlation  Entanglements Bell’s inequalities
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Density Matrix Formalism
 (pure state), ρ = |ψ⟩⟨ψ |  (mixed state)ρ = ∑

i

pi |ψi⟩⟨ψi | (pi ≥ 0, ∑
i

pi = 1)

•  are Hermitian, , and positive semidefinite.ρ Tr = 1

• We can compute expectation value of  as𝒪̂

⟨𝒪̂⟩ = Tr[𝒪̂ρ]

,  , ρ = ρ† Tr[ρ] = 1 ρ ≥ 0

• Purity,  is  for pure state and   for completely mixed state,Tr[ρ2] 1
1
D

1
D

≤ Tr[ρ2] ≤ 1, (  is dimension of the Hilbert space)D
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Quantum Entanglement 
• A quantum state of two subsystems and  is separable when its density matrix  

can be  expressed as a convex sum
A B ρ

ρ = ∑
i

piρi
A ⊗ ρi

B

• If the state is not separable, it is named entangled

-  Peres-Horodecki criterion

- Concurrence

- D =
1
3

Tr[C]

- Clauser-Horne-Shimony-Holt (CHSH) Inequality

(pi ≥ 0, ∑
i

pi = 1)
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Peres Horodecki Criterion

• The Peres-Horodecki criterion provides a necessary and sufficient condition for 
entanglement in two-qubit systems and qubit-qutrit systems: 

Take the partial transpose (transpose indices associated only to Bob (or Alice) )

ρT2 = ∑
i

piρi
A ⊗ (ρi

B)T

For a separable system,  is non-negative 

 If  has at least one negative eigenvalue, the system is entangled.

ρT2

→ ρT2

[Peres ’96; Horodecki ’97]
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Peres Horodecki Criterion

• The Peres-Horodecki criterion provides a necessary and sufficient condition for 
entanglement in two-qubit systems and qubit-qutrit systems: 

Take the partial transpose (transpose indices associated only to Bob (or Alice) )

ρT2 = ∑
i

piρi
A ⊗ (ρi

B)T

We consider the entanglement quantifier of negativity  as𝒩(ρ)

[Peres ’96; Horodecki ’97]

𝒩(ρ) = ∑
k

|λk | − λk

2
= ∑

λk<0

|λk |

with  being the eigenvalues of the .λk ρT2
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Concurrence Criterion
• Concurrence 

For a separable state, the concurrence  and for an entangled state, the 
concurrence is  and  is the maximally entangled state.

C(ρ) = 0
C(ρ) > 0 C(ρ) = 1

C(ρ) = inf
{pn,|ψn⟩} ∑

n

pnC( |ψn⟩)

[Wooters ’98]

C(ρ) = max {0, λ1 − λ2 − λ3 − λ4}
where  are the eigenvalues of the matrix , here .λi ρρ̃ ρ ρ̃ = (σy ⊗ σy)ρ*(σy ⊗ σy)

For a two qubit system, explicit formula is given
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Entanglement  marker D
[Afik, Nova ’21]

D ≡
1
3

Tr[C] < −
1
3

• Note that this is only a sufficient condition for quantum entanglement adopted by 
the ATLAS and CMS Collaborations near the  threshold at the LHCtt̄

1
σ

dσ
d cos ϕℓℓ

=
1
2 (1 − D cos ϕℓℓ)

ϕℓℓ

l+(t)
l+(t̄ )

The spin density matrix of a two-qubit system which 
describes production of a pair of top-antitop quarks:

ρ =
I2 ⊗ I2 + Biσi ⊗ I2 + B̄iI2 ⊗ σi + Cijσi ⊗ σj

4

We can measure it by leptons from the top
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• Clauser-Horne-Shimony-Holt (CHSH) inequality
[Clauser, Horne, Shimony, Holt ’69]

[Horodecki, Horodecki, Horodecki ’95]

Bell’s inequality violation

m12 ≡ m1 + m2 > 1

• Augmented by the Horodecki condition

where  are the three eigenvalues of the following matrixm1 ≥ m2 ≥ m3

M = CCT

with  being the spin correlation matrix denoted by C Cij
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Quantum Magic 

• A magic quantifies the non-stabiliser resource required for universal quantum 
computation. The stabilizer Rényi entropy is commonly used.

• Gottesman–Knill theorem 
Stabilizer circuit can be perfectly simulated in polynomial time on a probabilistic 
classical computer.

1. Preparation of qubits in computational-basis states.  

2. Clifford gates (generated by the Hadamard gate, CNOT gate, and phase gate S ).  

3. Measurements in the computational basis.

[Gottesman ’98]

[Leone, Oliviero, and Hamma ’21]
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Quantum Magic 

• A magic quantifies the non-stabiliser resource required for universal quantum 
computation. The stabilizer Rényi entropy is commonly used.

• Gottesman–Knill theorem 
Stabilizer circuit can be perfectly simulated in polynomial time on a probabilistic 
classical computer.

1. Preparation of qubits in computational-basis states.  

2. Clifford gates (generated by the Hadamard gate, CNOT gate, and phase gate S ).  

3. Measurements in the computational basis.

[Gottesman ’98]

[Leone, Oliviero, and Hamma ’21]

[CMS PAS TOP-25-001]
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Spin density matrix of a two-qubit system

• The helicity amplitude is given by

t̄ t

ᾱ
α

γ

γ

ΘP̄
L

P̄T

P
L

P
T

k̂

r̂ = k̂ × n̂

n̂

Figure 1: The tt̄ production plane of the process γγ → tt̄ with the definitions of the scattering
angle Θ in the CM frame. The transverse polarization vectors of the top quark (t) and the top
anti-quark (t̄) are represented by PT and P̄T , respectively, and their directions are specified by the
azimuthal angles α and ᾱ relative to the event plane. In the orthonormal basis (n̂, r̂, k̂) shown
on the right, the longitudinal and transverse components of the polarization vectors are given as:
for the top quark, PL = Pk, PT cosα = −Pr, and PT sinα = Pn; and for the top anti-quark,
P̄L = −P̄k, P̄T cos ᾱ = −P̄r, and P̄T sin ᾱ = P̄n.

2

• The reduced amplitude transform under P, CP, and CP  : T̃
where . β2 = 1 − 4M2

t / ̂s

• Let us consider a process 

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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• The helicity amplitude is given by
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ᾱ
α

γ

γ

ΘP̄
L

P̄T

P
L

P
T

k̂

r̂ = k̂ × n̂

n̂

Figure 1: The tt̄ production plane of the process γγ → tt̄ with the definitions of the scattering
angle Θ in the CM frame. The transverse polarization vectors of the top quark (t) and the top
anti-quark (t̄) are represented by PT and P̄T , respectively, and their directions are specified by the
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for the top quark, PL = Pk, PT cosα = −Pr, and PT sinα = Pn; and for the top anti-quark,
P̄L = −P̄k, P̄T cos ᾱ = −P̄r, and P̄T sin ᾱ = P̄n.

2

where . β2 = 1 − 4M2
t / ̂s

• The reduced amplitude : 

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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t̄ t

ᾱ
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P̄L = −P̄k, P̄T cos ᾱ = −P̄r, and P̄T sin ᾱ = P̄n.

2

• The helicity amplitude can be rewritten as 

Spin density matrix of a two-qubit system

• The polarization-weighted amplitude squared can be obtained by

with the polarization density matrices for top and anti-top.

[Bernreuther, Heisler and Si ’15 ]

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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ᾱ
α

γ

γ

ΘP̄
L

P̄T

P
L

P
T

k̂

r̂ = k̂ × n̂

n̂

Figure 1: The tt̄ production plane of the process γγ → tt̄ with the definitions of the scattering
angle Θ in the CM frame. The transverse polarization vectors of the top quark (t) and the top
anti-quark (t̄) are represented by PT and P̄T , respectively, and their directions are specified by the
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• The helicity amplitude can be rewritten as 

Spin density matrix of a two-qubit system

• The polarization-weighted amplitude squared can be obtained by

with the polarization density matrices for top and anti-top.

[Bernreuther, Heisler and Si ’15 ]

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]



•  is normalization factor ̂A
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• The spin density matrix in  basis,{n, r, k}

Spin density matrix of a two-qubit system

•  and  are polarization of top and anti-topB̂+
i B̂−

i

•  are spin correlation matrixĈij

 
dσ
dΩ

=
α2 ̂β
32π ̂s

̂A

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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• The spin density matrix in  basis,{n, r, k}

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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• Consider scalar exchanges

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

ℳλ1λ2;σσ̄ = 𝒜⟨σσ̄; λ1λ2⟩δσσ̄δλ1λ2
= 𝒜 (⟨ + + ; λ1λ2⟩ 0

0 ⟨ − − ; λ1λ2⟩)
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• Consider scalar exchanges

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

ℳλ1λ2;σσ̄ = 𝒜⟨σσ̄; λ1λ2⟩δσσ̄δλ1λ2
= 𝒜 (⟨ + + ; λ1λ2⟩ 0

0 ⟨ − − ; λ1λ2⟩)
B+

k = − B−
k = C2/C1 ≡ B

Cnn = Crr = C13/C1 ≡ C
Cnr = − Crn = − C14/C1 ≡ D
Ckk = − 1 ρ =

1
2

0 0 0 0
0 1 + B C + iD 0
0 C − iD 1 − B 0
0 0 0 0
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• Consider scalar exchanges

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

ℳλ1λ2;σσ̄ = 𝒜⟨σσ̄; λ1λ2⟩δσσ̄δλ1λ2
= 𝒜 (⟨ + + ; λ1λ2⟩ 0

0 ⟨ − − ; λ1λ2⟩)
ρ =

1
2

0 0 0 0
0 1 + B C + iD 0
0 C − iD 1 − B 0
0 0 0 0

• Let us compute quantum observables for

Tr[ρ2] =
1 + B2 + C2 + D2

2
≤ 1

𝒞[ρ2] = C2 + D2

m12 = 1 + C2 + D2 = 1 + 𝒞2
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• Consider scalar exchanges

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

ℳλ1λ2;σσ̄ = 𝒜⟨σσ̄; λ1λ2⟩δσσ̄δλ1λ2
= 𝒜 (⟨ + + ; λ1λ2⟩ 0

0 ⟨ − − ; λ1λ2⟩)
ρ =

1
2

0 0 0 0
0 1 + B C + iD 0
0 C − iD 1 − B 0
0 0 0 0

• Let us compute quantum observables for

Tr[ρ2] =
1 + B2 + C2 + D2

2
≤ 1

𝒞[ρ2] = C2 + D2

m12 = 1 + C2 + D2 = 1 + 𝒞2

• For a single scalar exchange,  B = 0, C2 + D2 = 1

Maximal Entanglement 

Violation of CHSH inequality
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• Consider scalar exchanges

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

ℳλ1λ2;σσ̄ = 𝒜⟨σσ̄; λ1λ2⟩δσσ̄δλ1λ2
= 𝒜 (⟨ + + ; λ1λ2⟩ 0
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ρ =

1
2

0 0 0 0
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0 0 0 0

• Let us compute quantum observables for

Tr[ρ2] =
1 + B2 + C2 + D2
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≤ 1

𝒞[ρ2] = C2 + D2

m12 = 1 + C2 + D2 = 1 + 𝒞2

• For a single scalar exchange,  B = 0, C2 + D2 = 1

Maximal Entanglement 

Violation of CHSH inequality
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• Consider scalar exchanges

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

ℳλ1λ2;σσ̄ = 𝒜⟨σσ̄; λ1λ2⟩δσσ̄δλ1λ2
= 𝒜 (⟨ + + ; λ1λ2⟩ 0

0 ⟨ − − ; λ1λ2⟩)
ρ =

1
2

0 0 0 0
0 1 + B C + iD 0
0 C − iD 1 − B 0
0 0 0 0

• Let us compute quantum observables for

CCP−even
ij = (

1 0 0
0 1 0
0 0 −1) CCP−odd

ij = (
−1 0 0
0 −1 0
0 0 −1) Cmixed

ij =
cos 2δ sin 2δ 0
sin 2δ cos 2δ 0

0 0 −1

• For a single scalar exchange,  B = 0, C2 + D2 = 1
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• Let us consider ttbar process, 

• Leading order QCD amplitude is P, CP, and CP  invariant. T̃

Spin density matrix of a two-qubit system
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Only [+++] coefficient survive!
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Top quark pairs @ LHC

ℛσσ′￼̄σσ̄′￼
( ̂β, θ) =

1
4 ∑

λ1,λ2=±1

ℳλ1λ2;σσ̄(θ) ℳ*λ1λ2;σ′￼̄σ′￼

(θ)

• Spin-density matrix

• Fano decompositioin

 ℛ( ̂β, θ) = Ã I2 ⊗ I2 + B̃+
i σi ⊗ I2 + B̃−

i I2 ⊗ σi + C̃ij σi ⊗ σj

 
dσ
dΩ

=
α2 ̂β
32π ̂s

Ã



32

Top quark pairs @ LHC

ℛσσ′￼̄σσ̄′￼
( ̂β, θ) =

1
4 ∑

λ1,λ2=±1

ℳλ1λ2;σσ̄(θ) ℳ*λ1λ2;σ′￼̄σ′￼

(θ)

• Spin-density matrix

• Fano decompositioin

 ℛ( ̂β, θ) = Ã I2 ⊗ I2 + B̃+
i σi ⊗ I2 + B̃−

i I2 ⊗ σi + C̃ij σi ⊗ σj

ρ =
ℛ

Tr(ℛ)
=

I2 ⊗ I2 + B+
i σi ⊗ I2 + B̄−

i I2 ⊗ σi + Cijσi ⊗ σj

4
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Top quark pairs @ LHC
[Afik, Nova ’20] 
[Severi, Boschi, Maltoni, Sioli ’21] 
[Saavedra, Casas ’22]

Only [+++] coefficient survive!
 also noted!Crk = Ckr
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Top quark pairs @ LHC

• gg → tt̄ • qq̄ → tt̄

[Afik, Nova ’20] 
[Severi, Boschi, Maltoni, Sioli ’21] 
[Saavedra, Casas ’22]

z = cos θ

Only [+++] coefficient survive!
 also noted!Crk = Ckr
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Top quark pairs @ LHC
• Angular averaged spin-density matrix

z = cos θ

• Helicity basis

R =
1

4π ∫ dΩℛ( ̂β, z), ρ =
R

Tr(R)
[Afik, Nova ’20] 
[Severi, Boschi, Maltoni, Sioli ’21] 
[Saavedra, Casas ’22]

β = 1 −
4m2

t

s
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Top quark pairs @ LHC

ρ =
R

Tr(R)
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Peres-Horodecki criterion
< 0
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Peres-Horodecki criterion
< 0

[Maltoni, Severi, Tentori, Vryonidoud ’24]
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Peres-Horodecki criterion

dσ
d cos ϕ

=
1
2 (1 − D cos ϕ),

D =
tr[C]

3
.

< 0

[Maltoni, Severi, Tentori, Vryonidoud ’24]
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Entanglement  marker D

ggtt

qqtt
400 500 600 700 800 900 1000

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

Mtt [GeV]

D

dσ
d cos ϕ

=
1
2 (1 − D cos ϕ), D =

tr[C]
3

.

D < − 1/3

•  is the angle between the leptons measured in the parent top/antitop framesϕ
[Afik, Nova ’20] 1

3

−
1
3

−1

Scalar, Vector

Pseudoscalar
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dσ
d cos ϕ

=
1
2 (1 − D cos ϕ), D =

tr[C]
3

.

D < − 1/3

•  is the angle between the leptons measured in the parent top/antitop framesϕ

Entanglement  marker D
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Concurrence
(gg) (qq̄)

Spin-triplet

Spin-singlet
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Bell’s inequality violation
[Maltoni, Severi, Tentori, Vryonidoud ’24]
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Bell’s inequality violation
[Maltoni, Severi, Tentori, Vryonidoud ’24]

ggtt

qqtt
400 500 600 700 800 900 1000
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Top quark pairs @ Lepton Collider

Concurrence

[Maltoni, Severi, Tentori, Vryonidoud ’24]
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Top quark pairs @ Lepton Collider

Bell’s inequality violation

[Maltoni, Severi, Tentori, Vryonidoud ’24]



47

Top quark pairs @ Photon Collider
• We can also consider the process .   

The process is very similar to the process .
γγ → tt̄

gg → tt̄

• Also independent with the process . l+l− → tt̄

[Han,  Low, Su ’25]
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider

• It is well established that at a future linear  collider, the Compton backscattering of 
the laser light with the  beam can provide very high-energy photons. 

• Especially, top-quark pair production is possible with large rates in (un)polarized 
photon-photon fusion.

e+e−

e±

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

[Ginzburg, Kotkin, Serbo, Telnov ’83]
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Top quark pairs @ Photon Collider
• The  luminosity of the two colliding photons with helicity  is γγ (λ1, λ2)

with . τ = ̂s/s

[Ginzburg, Kotkin, Serbo, Telnov ’83]

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

= 4.8  is fraction of the  to photony e−

 is machine parameterx
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Top quark pairs @ Photon Collider
• The  luminosity weighted polarization coefficientsγγ

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
[Ginzburg, Kotkin, Serbo, Telnov ’83]

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
• The  luminosity of the two colliding photons with helicity  for γγ (λ1, λ2) PePc = P̃eP̃c = − 1

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Pe = Pc = P̃e = P̃c = 0
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Top quark pairs @ Photon Collider

C[ρ] =
1 − β2

1 + β2
> 0 m12 = 1 +

(1 − β2)2

(1 + β2)2
> 1

• For perfectly polarized colliding photons,

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Entire region is Entangled and violate CHSH inequality
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Top quark pairs @ Photon Collider
• For perfectly polarized colliding photons,

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
• For perfectly polarized colliding photons,

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

m(+−/−+)
12 = 1 +

(1 − z2)2β4

(2 − (1 − z2)β2)2
𝒞[ρ](+−/−+) =

(1 − z2)β2

2 − (1 − z2)β2
> 0

Entire region is Entangled and violate CHSH inequality
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Top quark pairs @ Photon Collider
• For perfectly polarized colliding photons,

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider

C[ρ] ≈
1 − β2

1 + β2
> 0 m12 ≈ 1 +

(1 − β2)2

(1 + β2)2
> 1

• Polarized colliding photons, ̂s = 500 GeV

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
• Polarized colliding photons, ̂s = 1 TeV

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
• Polarized colliding photons, ̂s = 1 TeV

[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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Top quark pairs @ Photon Collider
[DWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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• The quantum observables, constructed by Polarization and Spin 
correlations have become a powerful tools for BSM searches and 
precision measurements. 

• We present a general formalism to construct the spin density 
matrix of a two qubit system at colliders from the amplitude level, 
taking account of P, CP, and CPT properties. 

Conclusion
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• The quantum observables, constructed by Polarization and Spin 
correlations have become a powerful tools for BSM searches and 
precision measurements. 

• We present a general formalism to construct the spin density 
matrix of a two qubit system at colliders from the amplitude level, 
taking account of P, CP, and CPT properties. 

• We show that a Photon collider with polarization control, we could 
also check Bell’s inequality violation at high energy collider! 

• , , … also suitable  subject to study further.τ+τ− ZZ, W+W−

Conclusion


