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Quantum Entanglement at Colliders
• A “new” hot topic in particle physics.
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Quantum Entanglement at Colliders
• Lepton collider is efficient machine for preparing energetic entangled 

particles.



Quantum Entanglement at Colliders
• An example: top-pair production.


• The description of the degree of entanglement.


- For  and  system, it could be measured by concurrence:


- A state is entangled if .

2 × 2 2 × 3

𝒞[ ̂ρ] > 0

𝒞[ ̂ρ] = max{0, λ1 − λ2 − λ3 − λ4}, 0 ⩽ 𝒞[ ̂ρ] ⩽ 1

λi ∈ σ ( ̂ρ(σ2 ⊗ σ2) ̂ρ*(σ2 ⊗ σ2) ̂ρ)

A. Peres, “Separability Criterion for Density Matrices”, Phys. Rev. Lett. 77 (1996) 1413; 
Michał Horodecki, Paweł Horodecki, Ryszard Horodecki, “Separability of mixed states: necessary and sufficient conditions”, Phys. Lett. A 223 (1996) 1.



Quantum Entanglement at Colliders
• An example: top-pair production.
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Fig. 1 Representative Feynman
diagrams for a t t production via
the SM

are maximally entangled. We refer the reader to “Appendix A” for the derivation of some
useful results, based on these entanglement criteria, used throughout this work.

2.2 t t̄ production

An example of a two-qubit system is provided by a pair of quarks, which are spin-1/2 particles,
as it is the case of a t t̄ pair. At the LHC, a t t̄ pair arises from pp collisions at high energies.
A proton consists of quarks (spin-1/2 fermions) and gluons (massless spin-1 bosons), which
are indistinctively denoted as partons [62,63]. The composition of the proton is modeled by
the so-called parton distribution function (PDF), which determines the density of each parton
in the proton by the momentum transfer.

Interactions between these partons through quantum chromodynamics (QCD) give rise
to a t t̄ pair. For instance, a t t̄ pair can arise from the interaction between a light quark and
antiquark (qq̄), or between a pair of gluons (gg),

q + q̄ → t + t̄,

g + g → t + t̄ . (5)

Representative Feynman diagrams for these processes are presented in Fig. 1.
Kinematically, the production of a t t̄ pair is described by the invariant mass Mtt̄ and the top

direction k̂ in the center-of-mass (CM) frame. Specifically, in this frame the top and antitop
relativistic momenta are kµt = (k0

t ,k), k
µ

t̄ = (k0
t̄ ,−k), satisfying the invariant dispersion

relation k2
t ≡ kµt kµt = m2

t , and similar for the antitop k2
t̄ = k2

t = m2
t . The invariant mass is

defined from these momenta as

M2
t t̄ ≡ st t̄ = (kt + kt̄ )

2, (6)

with st t̄ the usual Mandelstam variable. In the CM frame, this gives M2
t t̄ = 4

(
k0
t
)2 =

4(m2
t +k2). By relating the top momentum to its velocity β by |k| = mtβ/

√
1 − β2, we get

β =
√

1 − 4m2
t /M

2
t t̄ , (7)

from where we immediately see that threshold production (β = 0) corresponds to Mtt̄ =
2mt ≈ 346 GeV, the minimum energy possible for a t t̄ pair.

While the kinematics of the t t̄ pair are determined by the variables (Mtt̄ , k̂), their spins for
a fixed production process are characterized by the so-called production spin density matrix
R(Mtt̄ , k̂) [28], whose most general form is similar to that of (2),

R = ÃI4 +
∑

i

(
B̃+
i σ i ⊗ I2 + B̃−

i I2 ⊗ σ i
)
+

∑

i, j

C̃i jσ
i ⊗ σ j (8)

where the first/second spin subspace corresponds to the top/antitop, respectively. We note
that the production spin density matrix is characterized by 16 parameters, Ã, B̃±

i , C̃i j , one
more than in (2). This is because the matrix R is not properly normalized since tr(R) = 4 Ã,

123
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123

- s-channel:  
highly suppressed at high energy region


- quark-antiquark initial state:  
less in small-x region;

boosted c.m. frame at high energy region.



Quantum Entanglement at Colliders
• An example: top-pair production.


• At the Large Hadron Collider:


- Entanglement from quark-antiquark initial state

qR q̄L
( + − ) ( − + )

qL q̄R

| tt̄⟩ ∼ (1 ± cos θ) | ↑ ̂n ↑ ̂n ⟩ + (1 ∓ cos θ) | ↓ ̂n ↓ ̂n ⟩ + 𝒪(γ−1)
un(longitudinal)polarized initial state fermions, both left- and right-
handed interactions
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123

- s-channel:  
highly suppressed at high energy region


- gluon-gluon initial state:  
more in small-x region.
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R = ÃI4 +
∑

i

(
B̃+
i σ i ⊗ I2 + B̃−

i I2 ⊗ σ i
)
+

∑

i, j

C̃i jσ
i ⊗ σ j (8)

where the first/second spin subspace corresponds to the top/antitop, respectively. We note
that the production spin density matrix is characterized by 16 parameters, Ã, B̃±
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Quantum Entanglement at Colliders
• An example: top-pair production.


• At the Large Hadron Collider:

- t-channel:  
dominant at high energy region


- gluon-gluon initial state:  
more in small-x region.




Quantum Entanglement at Colliders
• An example: top-pair production.


• At the Large Hadron Collider:


- Entanglement from gluon-gluon initial state
g g

( + − )

| tt̄⟩ ∼ (1 ± cos θ) | ↑ ̂n ↑ ̂n ⟩ + (1 ∓ cos θ) | ↓ ̂n ↓ ̂n ⟩ + 𝒪(γ−1)

with another p-wave suppression factor.



Quantum Entanglement at Colliders
• An example: top-pair production.


• At the Large Hadron Collider:


- Entanglement from gluon-gluon initial state

g g
( + + ) ( − − )

g g

| tt̄⟩ ∼ (1 ± β) | ↑ ̂n ↓ ̂n ⟩ − (1 ∓ β) | ↓ ̂n ↑ ̂n ⟩

Unfortunately, the direction  is different event by event.̂n
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Fig. 2 Different orthonormal basis in the CM frame considered in this work. Left: helicity basis. Right: beam
basis

At LO, only two initial states can produce a t t̄ pair, which are precisely those described
by (5): a qq̄ pair or a gg pair. For fixed energy and top direction in the CM frame, each initial
state I = qq̄, gg gives rise to a different quantum state for the t t̄ pair, characterized by a
production spin density matrix RI (Mtt̄ , k̂). The production spin density matrix R for the total
production process from pp collisions is computed in terms of each partonic counterpart RI

as

R(Mtt̄ , k̂) =
∑

I=qq̄,gg

L I (Mtt̄ )R
I (Mtt̄ , k̂) (15)

with L I (Mtt̄ ) the so-called luminosity function, which accounts for the incidence of each
initial partonic state I = qq̄, gg in the total process (see [29] for the precise definition
of the luminosity function in terms of PDF). They are numerically computed by using the
NNPDF30LO PDF set [64]. In order to make sure the PDF set choice has a negligible impact
on our calculations, we have examined other PDF sets as well. In particular, we have also
used the CT10 [65] and the MSTW 2008 [66] PDF sets, obtaining similar results.

By using the expression of ρ I in terms of RI , ρ I = RI /4 ÃI , we arrive at

ρ(Mtt̄ , k̂) =
∑

I=qq̄,gg

wI (Mtt̄ , k̂)ρ
I (Mtt̄ , k̂), (16)

finding that the probabilities wI are computed from the luminosities as

wI (Mtt̄ , k̂) =
L I (Mtt̄ ) ÃI (Mtt̄ , k̂)∑
J L J (Mtt̄ ) ÃJ (Mtt̄ , k̂)

. (17)

The spin polarizations and correlations characterizing the production spin density matrices
RI (Mtt̄ , k̂) are computed in an orthonormal basis in the CM frame, the so-called helicity
basis [35] {k̂, n̂, r̂}, with r̂ = ( p̂− cos Θ k̂)/ sin Θ and n̂ = r̂ × k̂, p̂ being the unitary vector
in the direction of the proton beam and Θ the production angle with respect to the beam line,
cos Θ = k̂ · p̂. A schematic representation of this basis is provided in left Fig. 2.

The production spin density matrix and all its coefficients are only functions of β and
cos Θ . Specifically, in the SM, the correlation matrix C̃i j is symmetric and B̃+

i = B̃−
i .

Furthermore, at LO, the net polarizations vanish, B̃±
i = 0, and the spin in the n-axis is uncor-

related to the spin in the remaining directions, C̃nr = C̃nk = 0. Thus, at LO, only 5 param-
eters are needed to characterize the production spin density matrix: Ã, C̃kk, C̃nn, C̃rr , C̃kr .
The values of these coefficients can be obtained analytically for each RI and are listed in
“Appendix B”, where the procedure to compute the production spin density matrix R and
the associated density matrices is also summarized.

123
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• At the Large Hadron Collider: helicity basis, and …
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• An example: top-pair production.
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(a) (b)

(c) (d)

Fig. 3 Entanglement as a function of the invariant mass Mtt̄ and the production angle Θ in the t t̄ CM frame.
All plots are symmetric under the transformation Θ → π − Θ . Upper row: concurrence of the spin density
matrix ρ I (Mtt̄ , k̂) of the t t̄ pair resulting from the initial state I = qq̄, gg. a gg → t t̄ . Black lines represent
the boundaries between separability and entanglement. b qq̄ → t t̄ . Lower row: t t̄ production at the LHC for
pp collisions at

√
s = 13 TeV. Black lines represent the boundaries between separability and entanglement. c

Concurrence of the spin density matrix ρ(Mtt̄ , k̂). d Differential cross section dσ
dMtt̄ dΘ = 2π sin Θ dσ

dMtt̄ dΩ

in units of pb/GeV rad

3 Entanglement in t t̄ production

Based on the definition of separability, if all sub-states ρ(Mtt̄ , k̂) are separable, the total
quantum state of (14) is also separable. The first natural step is then searching entanglement
in the density matrices ρ(Mtt̄ , k̂), describing the quantum state of the t t̄ pair for fixed energy
and top direction in the CM frame. Since ρ(Mtt̄ , k̂) describes the spin quantum state of a
pair of particles with well-defined momentum, its spin entanglement is a Lorentz invariant
quantity [53,54].

At LO, the density matrices ρ(Mtt̄ , k̂) are unpolarized and their correlation matrix is sym-
metric. By invoking the Peres–Horodecki criterion and applying the results of “Appendix A”,
we find that

∆ ≡ −Cnn + |Ckk + Crr | − 1 > 0 (18)

is a necessary and sufficient condition for the presence of entanglement, with the concurrence
simply given by

123

qq̄ → tt̄
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Based on the definition of separability, if all sub-states ρ(Mtt̄ , k̂) are separable, the total
quantum state of (14) is also separable. The first natural step is then searching entanglement
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123

gg → tt̄

0.0 0.2 0.4 0.6 0.8 1.0

400
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900

1000

 dominant( + − )/( − + )

 dominant( + + )/( − − )

Y. Afik, J. R. M. de Nova, Eur. Phys. J. Plus, (2021) 136:907. 
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123

qq̄ → tt̄

from both  
and  

| ↑ ̂k ↑ ̂k ⟩
| ↓ ̂k ↓ ̂k ⟩
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CMS collaboration, Rep. Prog. Phys. 87 (2024) 117801.
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Fig. 1 Representative Feynman
diagrams for a t t production via
the SM

are maximally entangled. We refer the reader to “Appendix A” for the derivation of some
useful results, based on these entanglement criteria, used throughout this work.

2.2 t t̄ production

An example of a two-qubit system is provided by a pair of quarks, which are spin-1/2 particles,
as it is the case of a t t̄ pair. At the LHC, a t t̄ pair arises from pp collisions at high energies.
A proton consists of quarks (spin-1/2 fermions) and gluons (massless spin-1 bosons), which
are indistinctively denoted as partons [62,63]. The composition of the proton is modeled by
the so-called parton distribution function (PDF), which determines the density of each parton
in the proton by the momentum transfer.

Interactions between these partons through quantum chromodynamics (QCD) give rise
to a t t̄ pair. For instance, a t t̄ pair can arise from the interaction between a light quark and
antiquark (qq̄), or between a pair of gluons (gg),

q + q̄ → t + t̄,

g + g → t + t̄ . (5)

Representative Feynman diagrams for these processes are presented in Fig. 1.
Kinematically, the production of a t t̄ pair is described by the invariant mass Mtt̄ and the top

direction k̂ in the center-of-mass (CM) frame. Specifically, in this frame the top and antitop
relativistic momenta are kµt = (k0

t ,k), k
µ

t̄ = (k0
t̄ ,−k), satisfying the invariant dispersion

relation k2
t ≡ kµt kµt = m2

t , and similar for the antitop k2
t̄ = k2

t = m2
t . The invariant mass is

defined from these momenta as

M2
t t̄ ≡ st t̄ = (kt + kt̄ )

2, (6)

with st t̄ the usual Mandelstam variable. In the CM frame, this gives M2
t t̄ = 4

(
k0
t
)2 =

4(m2
t +k2). By relating the top momentum to its velocity β by |k| = mtβ/

√
1 − β2, we get

β =
√

1 − 4m2
t /M

2
t t̄ , (7)

from where we immediately see that threshold production (β = 0) corresponds to Mtt̄ =
2mt ≈ 346 GeV, the minimum energy possible for a t t̄ pair.

While the kinematics of the t t̄ pair are determined by the variables (Mtt̄ , k̂), their spins for
a fixed production process are characterized by the so-called production spin density matrix
R(Mtt̄ , k̂) [28], whose most general form is similar to that of (2),

R = ÃI4 +
∑

i

(
B̃+
i σ i ⊗ I2 + B̃−

i I2 ⊗ σ i
)
+

∑

i, j

C̃i jσ
i ⊗ σ j (8)

where the first/second spin subspace corresponds to the top/antitop, respectively. We note
that the production spin density matrix is characterized by 16 parameters, Ã, B̃±

i , C̃i j , one
more than in (2). This is because the matrix R is not properly normalized since tr(R) = 4 Ã,

123
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Quantum Entanglement at Colliders
• A (disordered) mixing of highly entangled states could miss the property of 

entanglement:


- Bell states  
are entangled (pure) states.


- But their mixing  is not!

ρ± = |Ψ±⟩⟨Ψ± | = 2−1( |01⟩⟨01 | ± |10⟩⟨01 | ± |01⟩⟨10 | + |10⟩⟨10 | )

(ρ+ + ρ−)/2 = ( |0⟩⟨0 | ⊗ |1⟩⟨1 | + |1⟩⟨1 | ⊗ |0⟩⟨0 | )/2
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( | ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + | ↓ ↓ ⟩)
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Quantum Entanglement at Colliders
• It is helpful to use the transverse polarized initial state to increase the degree 

of the entanglement.


• The final state is always the Bell state along the direction 
 in the helicity basis, which is just 

.

̂e2 = (cos θ sin ϕ, cos ϕ, sin θ sin ϕ 1 − β2)

̂y − (1 − 1 − β2) ̂k
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Conclusion
• Quantum entanglement and quantum nonlocality are essential properties for 

distinguishing quantum physics from classical physics and new physics 
beyond quantum physics, which should be tested at higher and higher 
energy scale.


• The first step of using quantum entanglement search for new physics is to 
understand the SM prediction, and to enhance the entanglement effect.


• The lepton colliders, especially with the transverse polarized initial state, offer 
a good chance to investigate the entanglement effect.


• Other topics: the influences from ISR and FSR, off-shell effects, …



Thank you!


