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• The heaviest elementary particle (173 GeV) 

• Decays (almost) 100% into a bottom quark and a W boson  

• Life time (10-25 s) < Timescale of hadronization (10-24 s) 
⇨ Top spin information is transferred to its decay 
products. 

• Especially, the distribution of the lepton from top decays 
is 100% correlated with the spin of the top quark.  
⇨ We can reconstruct the top-antitop spin quantum state 
in the dilepton top-pair decays.   

an ideal quantum bit (qubit)
Top quark
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Figure 11: Results of the fit of hypothesis templates to the unfolded data showing the ω𝐿 distribution for the inclusive
selection. The hypothesis templates are described in Section 3.
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• The degree of correlation 

•  : no spin correlation 

•  : spin correlation 
e.g.  at LHC14 in the SM 

A = 0

A ≠ 0

A = 3.2

(before quantum fever…)

Spin correlations of top-quark pair at the LHC
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EPJC2020

Observation of spin correlation in tt̄ events from pp collisions
at

√

s = 7 TeV using the ATLAS detector
(Dated: November 27, 2024)

A measurement of spin correlation in tt̄ production is reported using data collected with the
ATLAS detector at the LHC, corresponding to an integrated luminosity of 2.1 fb−1. Candidate
events are selected in the dilepton topology with large missing transverse energy and at least two
jets. The difference in azimuthal angle between the two charged leptons in the laboratory frame is
used to extract the correlation between the top and antitop quark spins. In the helicity basis the
measured degree of correlation corresponds to Ahelicity = 0.40+0.09

−0.08 , in agreement with the next-to-
leading-order Standard Model prediction. The hypothesis of zero spin correlation is excluded at 5.1
standard deviations.

PACS numbers: 14.65.Ha, 12.38.Qk, 13.85.Qk

The top quark was discovered in 1995 [1, 2] at the
Tevatron proton-antiproton collider. The lifetime of the
top quark is at least an order of magnitude shorter than
the timescale for strong interactions, implying that the
top quark decays before hadronization [3–7]. Therefore
the spin of the top quark at production is transferred
to its decay products and can be measured directly via
their angular distributions [4]. While the polarization of
t and t̄ quarks in a hadronically produced tt̄ sample is
predicted to be very small, their spins are predicted to
be correlated [8–10]. In this Letter the hypothesis that
the correlation of the spin of top and antitop quarks in
tt̄ events is as expected in the Standard Model (SM),
as opposed to the hypothesis that they are uncorrelated,
is tested. This tests the precise predictions of tt̄ pair
production and of top quark decay, which is expected
to occur before its spin is flipped by the strong interac-
tion [9–13]. Many scenarios of new physics beyond the
SM predict different spin correlations whilst keeping the
tt̄ production cross section within experimental and theo-
retical bounds [14–18]. For example, the spin correlation
measured in this Letter may differ from the SM if the tt̄
pairs were produced via the exchange of a virtual heavy
scalar Higgs boson [19] or if the top quark decayed into a
scalar charged Higgs boson and a b-quark (t → H+b) [20].

At the LHC tt̄ production occurs mostly through the
gg → tt̄ channel. At low tt̄ invariant mass it is dominated
by the fusion of like-helicity gluon pairs which produce
top quarks in the left-left or right-right helicity configu-
rations [13]. When these decay via tt̄ → W+W−bb̄ →
l+νl−ν̄bb̄ they produce charged leptons which possess
correlations in azimuthal angle, ∆φ [21], in the labora-
tory frame [13]. In contrast, at the Tevatron production
via qq̄ annihilation dominates. The different production
mechanisms and center-of-mass energies make a measure-
ment of the spin correlation at both colliders complemen-
tary [22]. Both the CDF and DØ Collaborations have
performed measurements of the spin correlation [23–25],
with a recent analysis by the DØ Collaboration reporting
evidence for the presence of spin correlation in tt̄ events
with a significance of 3.1 standard deviations [26].

The azimuthal angle between charged leptons is well

measured by the ATLAS detector and does not require
reconstruction of the top quarks. Figure 1 shows the dis-
tribution of charged lepton ∆φ for generated events at
parton level for

√
s = 7 TeV, using MC@NLO [27–29] with

the CTEQ6.6 parton distribution function (PDF) [30]
and a top quark mass of 172.5 GeV. It compares the SM
prediction (solid line) to a scenario with no spin correla-
tion between top and antitop quarks (dashed line).
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FIG. 1. Normalized reconstructed charged lepton ∆φ distri-
bution for generated events at parton level for

√
s = 7 TeV

using MC@NLO. The two histograms show the SM and uncor-
related spin scenarios.

The degree of correlation,A, is defined as the fractional
difference between the number of events where the top
and antitop quark spin orientations are aligned and those
where the top quark spins have opposite alignment,

A =
N(↑↑) +N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑) +N(↓↓) +N(↑↓) +N(↓↑)

. (1)

The arrows denote the spins of the top and antitop quarks
with respect to a chosen quantization axis. This analysis
uses a fit to templates constructed from simulated event
samples to determine the amount of spin correlation from
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Quantum entanglement with top quarks at the LHC 
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Figure 2: (a): Calibration curve for the dependence between the particle-level value of 𝐿 and the detector-level value
of 𝐿, in the signal region. The yellow band represents the statistical uncertainty, while the grey band represents
the total uncertainty obtained by adding the statistical and systematic uncertainties in quadrature. The measured
values and expected values from Powheg + Pythia8 (hvq) are marked with black and red circles, respectively, and the
entanglement limit is shown as a dashed line. (b): The particle-level 𝐿 results in the signal and validation regions
compared with various MC models. The entanglement limit shown is a conversion from its parton-level value of
𝐿 = →1/3 to the corresponding value at particle level, and the uncertainties which are considered for the band are
described in the text.

in detail in Methods A.6.

In the signal region, the observed and expected significances with respect to the entanglement limit are
well beyond five standard deviations, independently of the MC model used to correct the entanglement
limit to account for the fiducial phase space of the measurement. This is illustrated in Figure 2(b), where
the hypothesis of no entanglement is shown. The observed result in the region with 340 < 𝑀

𝐿𝐿
< 380 GeV

establishes the formation of entangled 𝑁𝑁 states. This constitutes the first observation of entanglement in a
quark–antiquark pair.

Apart from the fundamental interest in testing quantum entanglement in a new environment, this
measurement in top quarks paves the way to use high-energy colliders, such as the LHC, as a laboratory to
study quantum information and foundational problems in quantum mechanics. From a quantum information
perspective, high energy colliders are particularly interesting due to their relativistic nature, and the richness
of the interactions and symmetries that can be probed there. Furthermore, highly demanding measurements,
such as measuring quantum discord and reconstructing the steering ellipsoid, can be naturally implemented
at the LHC due to the vast number of available 𝑁𝑁 events [51]. From a high-energy physics perspective,
borrowing concepts from quantum information theory inspires new approaches and observables that can be
used to search for physics beyond the SM [52–55].
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Figure 28: Entanglement results for the D measurement in the threshold region (upper
left), D̃ measurement in the high-m(tt) region (upper right), and the full matrix measure-
ment in different m(tt) regions (lower). The measurements (points) are shown with the
statistical uncertainty (inner error bars) and total uncertainty (outer error bars) and com-
pared to the predictions of POWHEG+PYTHIA, POWHEG+PYTHIA+η t , POWHEG+HERWIG, MAD-
GRAPH5 aMC@NLO+PYTHIA, and MINNLO+PYTHIA. The POWHEG+PYTHIA prediction is dis-
played with the ME scale and PDF uncertainties, while for all other predictions only the central
values are indicated. The observed (expected) significance of the deviation from the boundary
of separable states (green region) is quoted in standard deviations (σ).
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• Spin density matrix can be decomposed as

l−l+ → tt̄

Spin density matrix of a two-qubit system
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2.3 Construction of the spin density matrix from helicity am-
plitudes

We now specialize the general two-qubit formalism to the process l→l+ → tt̄ (l = e, µ) in
the helicity basis. Throughout this paper, helicities are denoted by ±, corresponding to
±1

2 .
We denote the helicity amplitudes for this process by M(ωl→ ,ωl+ ;ωt,ωt̄), where ωl→ ,

ωl+ , ωt, and ωt̄ represent the helicities of the incoming lepton, incoming antilepton, top
quark, and antitop quark, respectively.

Since we consider unpolarized initial leptons, we start directly from the spin-averaged
quantity. We define the (unnormalized) spin matrix of the final tt̄ system as

Rωtωt̄,ω
↑
tω

↑
t̄
↑ 1

4

∑

ωl→ ,ωl+

M(ωl→ ,ωl+ ;ωt,ωt̄)M↑(ωl→ ,ωl+ ;ω
↓
t
,ω↓

t̄
), (2.18)

where (ωt,ωt̄) and (ω↓
t
,ω↓

t̄
) label the row and column of the 4↓ 4 matrix R.

The normalized spin density matrix relevant for entanglement observables is obtained
by dividing by the spin-summed rate,

εωtωt̄,ω
↑
tω

↑
t̄
=

Rωtωt̄,ω
↑
tω

↑
t̄∑

ωt,ωt̄

Rωtωt̄,ωtωt̄

, (2.19)

so that Tr ε = 1 by construction.
Once ε is obtained, we decompose it in the Pauli basis as in Eq. (2.1). The coe!cients

B1i, B2i and Cij are extracted from ε via

B1i = Tr[ε (ϑi ↔ 1)] , B2j = Tr[ε (1↔ ϑj)] , Cij = Tr[ε (ϑi ↔ ϑj)] . (2.20)

For practical calculations, it is convenient to write the density matrix explicitly in the
helicity basis of the tt̄ system. We choose the spin quantization axis along the top-quark
momentum. We order the basis states as

|1↗ = |+,↘↗, |2↗ = |+,+↗, |3↗ = |↘,↘↗, |4↗ = |↘,+↗,

where the first (second) entry denotes the helicity of the top (anti-top) quark. Since the
spin quantization axis is defined by the top-quark momentum, the helicity of the anti-
top quark is evaluated with respect to the same axis. As a result, the helicity states
of the antitop quark correspond to spin projections opposite to its momentum; namely,
a positive (negative) helicity antitop has a negative (positive) spin projection along its
direction of motion.

In this basis, the density matrix can be written as

ε =





ε+→,+→ ε+→,++ ε+→,→→ ε+→,→+

ε++,+→ ε++,++ ε++,→→ ε++,→+

ε→→,+→ ε→→,++ ε→→,→→ ε→→,→+

ε→+,+→ ε→+,++ ε→+,→→ ε→+,→+



 . (2.21)

For brevity we denote these elements as εij (i, j = 1, . . . , 4). Since the density matrix
is Hermitian, εij = ε↑

ji
, it is convenient to express the polarization vectors and the spin-

correlation matrix in terms of the real and imaginary parts of the matrix elements. Using
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vide representative examples of scalar, vector, and tensor interactions. Our goal is not
merely to quantify the amount of entanglement generated in each model, but to investi-
gate whether quantum-information observables can reveal characteristic signatures of new
paticles and their interaction patterns. By treating the SM and all new-physics scenarios
on equal footing, we assess di!erences in entanglement and Bell-nonlocality observables
among the SM and the three new-physics scenarios. We show that these observables pro-
vide additional information complementary to conventional classical observables such as
total and di!erential cross sections.

The remainder of this paper is organized as follows. In Sec. 2 we present the general
density-matrix framework for two spin-12 particles and define the quantum-information
observables used in our analysis, including entanglement markers, concurrence and Bell-
type quantities. The new physics scenarios considered in this work are summarized in
Sec. 3. In Sec. 4 we derive the helicity amplitudes for l→l+ → tt̄ (l = e, µ) in the SM
and in the benchmark extensions. Numerical results for entanglement marker, concur-
rence and Bell-inequality violation at future lepton colliders are presented in Sec. 5, and
conclusions are given in Sec. 6. Appendix A presents an analytic study of a generic chi-
ral gauge interaction, clarifying the dependence of the entanglement observables on the
chiral couplings. Appendix B investigates the interference between chiral and vector-like
interactions, providing an analytic interpretation of the energy-dependent evolution of the
entanglement extrema and the weakened-entanglement regions observed in the U(1)B→L

scenario. Appendix C demonstrates that the disconnected entangled regions in the RS
model originate from the characteristic angular dependence due to a single spin-2 KK
graviton exchange.

2 Formalism: Quantum-information observables

2.1 Spin density matrix and correlation coe!cients

Spin correlations in a top-antitop system can only be fully specified once nine independent
parameters are fixed, as is the case for any two-qubit state. A convenient way to encode
these degrees of freedom is through the standard decomposition of the spin density matrix,

ω =
1

4
(1↑ 1+ B1 · ω ↑ 1+ B2 · 1↑ ω + C · ω ↑ ω) , (2.1)

where the vectors B1 = (B1i) and B2 = (B2i), with i = 1, 2, 3, quantify, respectively, the
top and antitop polarizations along the spatial axes, and C = (Cij), with i, j = 1, 2, 3,
contains nine parameters and encodes all possible spin-spin correlations. Here, ω =
(ε1, ε2, ε3) denotes the Pauli matrices. To give operational meaning to these components,
one must choose a spatial triad. In what follows we adopt the customary orthonormal
basis built from the top-quark momentum direction,

k̂ = top direction, r̂ =
p̂↓ k̂ cos ϑ

sin ϑ
, n̂ =

p̂↔ k̂

sin ϑ
, (2.2)

with p̂ the incoming l→ direction, and with ϑ defined through cos ϑ = k̂ · p̂ in the tt̄ rest
frame. The geometric configuration of these vectors is depicted in Fig. 1.

4

2.3 Construction of the spin density matrix from helicity am-
plitudes

We now specialize the general two-qubit formalism to the process l→l+ → tt̄ (l = e, µ) in
the helicity basis. Throughout this paper, helicities are denoted by ±, corresponding to
±1

2 .
We denote the helicity amplitudes for this process by M(ωl→ ,ωl+ ;ωt,ωt̄), where ωl→ ,

ωl+ , ωt, and ωt̄ represent the helicities of the incoming lepton, incoming antilepton, top
quark, and antitop quark, respectively.

Since we consider unpolarized initial leptons, we start directly from the spin-averaged
quantity. We define the (unnormalized) spin matrix of the final tt̄ system as

Rωtωt̄,ω
↑
tω

↑
t̄
↑ 1

4

∑

ωl→ ,ωl+

M(ωl→ ,ωl+ ;ωt,ωt̄)M↑(ωl→ ,ωl+ ;ω
↓
t
,ω↓

t̄
), (2.18)

where (ωt,ωt̄) and (ω↓
t
,ω↓

t̄
) label the row and column of the 4↓ 4 matrix R.

The normalized spin density matrix relevant for entanglement observables is obtained
by dividing by the spin-summed rate,

εωtωt̄,ω
↑
tω

↑
t̄
=

Rωtωt̄,ω
↑
tω

↑
t̄∑

ωt,ωt̄

Rωtωt̄,ωtωt̄

, (2.19)

so that Tr ε = 1 by construction.
Once ε is obtained, we decompose it in the Pauli basis as in Eq. (2.1). The coe!cients

B1i, B2i and Cij are extracted from ε via

B1i = Tr[ε (ϑi ↔ 1)] , B2j = Tr[ε (1↔ ϑj)] , Cij = Tr[ε (ϑi ↔ ϑj)] . (2.20)

For practical calculations, it is convenient to write the density matrix explicitly in the
helicity basis of the tt̄ system. We choose the spin quantization axis along the top-quark
momentum. We order the basis states as

|1↗ = |+,↘↗, |2↗ = |+,+↗, |3↗ = |↘,↘↗, |4↗ = |↘,+↗,

where the first (second) entry denotes the helicity of the top (anti-top) quark. Since the
spin quantization axis is defined by the top-quark momentum, the helicity of the anti-
top quark is evaluated with respect to the same axis. As a result, the helicity states
of the antitop quark correspond to spin projections opposite to its momentum; namely,
a positive (negative) helicity antitop has a negative (positive) spin projection along its
direction of motion.

In this basis, the density matrix can be written as

ε =





ε+→,+→ ε+→,++ ε+→,→→ ε+→,→+

ε++,+→ ε++,++ ε++,→→ ε++,→+

ε→→,+→ ε→→,++ ε→→,→→ ε→→,→+

ε→+,+→ ε→+,++ ε→+,→→ ε→+,→+



 . (2.21)

For brevity we denote these elements as εij (i, j = 1, . . . , 4). Since the density matrix
is Hermitian, εij = ε↑

ji
, it is convenient to express the polarization vectors and the spin-

correlation matrix in terms of the real and imaginary parts of the matrix elements. Using

7

top-polarization  antitop-polarization   spin-correlation  

unpolarized initial state



Kentarou Mawatari (Iwate U.)

• The sufficient condition for entanglement form the Peres-
Horodecki criterion: 

diagonal elements of the correlation matrix Cij

Entanglement markers

7

Figure 1: Orthonormal basis (r̂, n̂, k̂) in the tt̄ rest frame, defined with respect to the
top-quark direction k̂ and beam direction p̂.

2.2 Entanglement measures and Bell inequality

To quantify bipartite entanglement between the two spin-1/2 systems, we use the concur-
rence C introduced by Wootters [52]. For a given two-qubit density matrix ω, we define
the spin-flipped density matrix as

ω̃ = (εy → εy) ω
→ (εy → εy), (2.3)

where the asterisk denotes complex conjugation in the computational basis. The non-
Hermitian matrix

R =
√↑

ωω̃
↑
ω (2.4)

has four real, non-negative eigenvalues ϑi (i = 1, . . . , 4), which we order such that ϑ1 ↓
ϑ2 ↓ ϑ3 ↓ ϑ4. The concurrence is then given by

C = max {0,ϑ1 ↔ ϑ2 ↔ ϑ3 ↔ ϑ4} . (2.5)

It satisfies 0 ↗ C ↗ 1, with C = 0 if and only if the state is separable, and C = 1 for
maximally entangled Bell states.

In collider environments, however, C is not an ideal observable. Extracting them from
data typically inflates the impact of statistical fluctuations; related estimators have been
shown to su!er from an intrinsic upward bias [22]. For this reason, it is advantageous to
work with alternative quantities that retain sensitivity to quantum correlations while being
more robust experimentally. As established in Refs. [23–25], the so-called entanglement
markers can be built from the diagonal entries of C:

D(1) =
1

3
(Ckk + Crr + Cnn), (2.6)

D(k) =
1

3
(Ckk ↔ Crr ↔ Cnn), (2.7)

D(r) =
1

3
(↔Ckk + Crr ↔ Cnn), (2.8)

D(n) =
1

3
(↔Ckk ↔ Crr + Cnn). (2.9)

Here, the indices i, j = 1, 2, 3 correspond to the orthonormal basis (r̂, n̂, k̂), respectively.
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vide representative examples of scalar, vector, and tensor interactions. Our goal is not
merely to quantify the amount of entanglement generated in each model, but to investi-
gate whether quantum-information observables can reveal characteristic signatures of new
paticles and their interaction patterns. By treating the SM and all new-physics scenarios
on equal footing, we assess di!erences in entanglement and Bell-nonlocality observables
among the SM and the three new-physics scenarios. We show that these observables pro-
vide additional information complementary to conventional classical observables such as
total and di!erential cross sections.

The remainder of this paper is organized as follows. In Sec. 2 we present the general
density-matrix framework for two spin-12 particles and define the quantum-information
observables used in our analysis, including entanglement markers, concurrence and Bell-
type quantities. The new physics scenarios considered in this work are summarized in
Sec. 3. In Sec. 4 we derive the helicity amplitudes for l→l+ → tt̄ (l = e, µ) in the SM
and in the benchmark extensions. Numerical results for entanglement marker, concur-
rence and Bell-inequality violation at future lepton colliders are presented in Sec. 5, and
conclusions are given in Sec. 6. Appendix A presents an analytic study of a generic chi-
ral gauge interaction, clarifying the dependence of the entanglement observables on the
chiral couplings. Appendix B investigates the interference between chiral and vector-like
interactions, providing an analytic interpretation of the energy-dependent evolution of the
entanglement extrema and the weakened-entanglement regions observed in the U(1)B→L

scenario. Appendix C demonstrates that the disconnected entangled regions in the RS
model originate from the characteristic angular dependence due to a single spin-2 KK
graviton exchange.

2 Formalism: Quantum-information observables

2.1 Spin density matrix and correlation coe!cients

Spin correlations in a top-antitop system can only be fully specified once nine independent
parameters are fixed, as is the case for any two-qubit state. A convenient way to encode
these degrees of freedom is through the standard decomposition of the spin density matrix,

ω =
1

4
(1↑ 1+ B1 · ω ↑ 1+ B2 · 1↑ ω + C · ω ↑ ω) , (2.1)

where the vectors B1 = (B1i) and B2 = (B2i), with i = 1, 2, 3, quantify, respectively, the
top and antitop polarizations along the spatial axes, and C = (Cij), with i, j = 1, 2, 3,
contains nine parameters and encodes all possible spin-spin correlations. Here, ω =
(ε1, ε2, ε3) denotes the Pauli matrices. To give operational meaning to these components,
one must choose a spatial triad. In what follows we adopt the customary orthonormal
basis built from the top-quark momentum direction,

k̂ = top direction, r̂ =
p̂↓ k̂ cos ϑ

sin ϑ
, n̂ =

p̂↔ k̂

sin ϑ
, (2.2)

with p̂ the incoming l→ direction, and with ϑ defined through cos ϑ = k̂ · p̂ in the tt̄ rest
frame. The geometric configuration of these vectors is depicted in Fig. 1.
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The first term in the right-hand side is of SM, which is given by

M(SM)(+,→;±,±) =
√
1→ ω2 sin ε

[
e2QlQt +

s gRl

Z

2

gLt
Z

+ gRt

Z

s→m2
Z
+ imZ!Z

]
, (4.13)

M(SM)(→,+;±,±) = →
√
1→ ω2 sin ε

[
e2QlQt +

s gLl
Z

2

gLt
Z

+ gRt

Z

s→m2
Z
+ imZ!Z

]
, (4.14)

M(SM)(+,→;±,↑) = (1± cos ε)

[
e2QlQt +

s gRl

Z

2

gLt
Z
(1↑ ω) + gRt

Z
(1± ω)

s→m2
Z
+ imZ!Z

]
,

(4.15)

M(SM)(→,+;±,↑) = (1↑ cos ε)

[
e2QlQt +

s gLl
Z

2

gLt
Z
(1↑ ω) + gRt

Z
(1± ω)

s→m2
Z
+ imZ!Z

]
,

(4.16)

where mZ and !Z is the mass and the decay width of Z boson, and

Ql = →1, Qt =
2

3
, (4.17)

gLa
Z

=
e

cos εW sin εW

(
T a

3 →Qa sin
2 εW

)
, gRa

Z
= →eQa sin εW

cos εW
, (4.18)

with a = l, t and

T l

3 = →1

2
, T t

3 =
1

2
. (4.19)

The additional contributions from the scalar are as follows:

M(!)(±,±;±,±) = →s

2

YlYt (1→ ω)

s→m2
! + im!!!

, (4.20)

M(!)(±,±;↑,↑) =
s

2

YlYt (1 + ω)

s→m2
! + im!!!

, (4.21)

For the benchmark choice m! = 200 GeV adopted in our numerical analysis, the channel
” ↓ tt̄ is closed kinematically, and we assume no other relevant decay modes. Hence ”
decays only into l→l+ (l = e, µ), so that

!! ↔ !(” ↓ l→l+) =
|Yl|2 m!

16ϑ
. (4.22)

For the U(1)B→L scenario, we have

M(Z→)(±,↑; +,+) = ±
√
1→ ω2 sin ε

s g2
B→L

Ql

B→L
Qt

B→L

s→m2
Z→ + imZ→!Z→

, (4.23)

M(Z→)(±,↑;→,→) = ±
√
1→ ω2 sin ε

s g2
B→L

Ql

B→L
Qt

B→L

s→m2
Z→ + imZ→!Z→

, (4.24)

M(Z→)(±,↑; +,→) = (1± cos ε)
s g2

B→L
Ql

B→L
Qt

B→L

s→m2
Z→ + imZ→!Z→

, (4.25)

M(Z→)(±,↑;→,+) = (1↑ cos ε)
s g2

B→L
Ql

B→L
Qt

B→L

s→m2
Z→ + imZ→!Z→

, (4.26)
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pµ = (E,p), where E =
√
|p|2 +m2, given by

u(p,+1/2) =

(
→
√
E → |p|ω(p̂)

→
√
E + |p|ω(p̂)

)
, (4.6)

u(p,→1/2) =

(√
E + |p| ε(p̂)√
E → |p| ε(p̂)

)
, (4.7)

v(p,+1/2) =

(
→
√
E + |p| ε(p̂)√
E → |p| ε(p̂)

)
, (4.8)

v(p,→1/2) =

( √
E → |p|ω(p̂)

→
√
E + |p|ω(p̂)

)
, (4.9)

where p̂ = p/|p| is the direction of the three-momentum. The two-component helicity
spinors are

ω(p̂) =

(
cos ω

2
eiε sin ω

2

)
, ε(p̂) =

(
→e→iε sin ω

2
cos ω

2

)
, (4.10)

with (ϑ,ϖ) the polar and azimuthal angles of p̂. For the present calculation, we choose
the scattering plane to coincide with the x-z plane. Accordingly, the initial lepton and
antilepton are taken along the +z and →z directions, corresponding to (ϑ,ϖ) = (0, 0) and
(ϱ, 0), respectively. The final-state top quark is assigned (ϑ,ϖ) = (ϑ, 0), while the anti-top
quark is assigned (ϱ → ϑ, ϱ). This choice entails no loss of generality, since the azimuthal
dependence is absorbed into the definition of the orthonormal basis (r̂, n̂, k̂) introduced in
Eq. (2.2). Consequently, all spin-dependent observables depend only on the polar angle
ϑ.

Our convention for the fermion spinors is based on the HELAS convention [59]. How-
ever, it di!ers from the HELAS convention by an overall sign in the right-handed particle
spinors. This di!erence originates from a convention-dependent phase choice in the def-
inition of the spinors. In the present work, we adopt a convention in which this sign is
explicitly retained. With this choice, the resulting density matrix satisfies the relation,

Rϑtϑt̄,ϑ
→
tϑ

→
t̄
= Rϑt̄ϑt,ϑ

→
t̄
ϑ
→
t
. (4.11)

if the interaction is CP invariant [5]. Although the interactions considered in this work
are not CP invariant, we adopt this convention so that the above relation holds in the
CP-conserving limit, such as in QCD.

4.2 SM, scalar, Z ↑ and graviton contributions to the amplitude

The full helicity amplitude can be written as

M(ςl↑ ,ςl+ ;ςt,ςt̄) = M(SM)(ςl↑ ,ςl+ ;ςt,ςt̄) +M(X)(ςl↑ ,ςl+ ;ςt,ςt̄). (4.12)

As introduced above, we denote the helicities →1/2 and +1/2 by → and +, respectively.
Here M(SM) denotes the SM contribution, while M(X) represents the contribution from
physics beyond the SM, with X = ” for the scalar mediator, X = Z ↑ for the U(1)B→L

model, and X = G for the RS scenario, respectively.
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M(Z→)(±,↑;→,→) = ±
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1→ ω2 sin ε

s g2
B→L

Ql

B→L
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Qt
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Z→ + imZ→!Z→

, (4.25)
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where mZ→ is the mass of Z → boson and !Z→ is the decay width of Z → given by !Z→ =
13
24ωg

2
B↑L

mZ→ . This has the same Lorentz structure as photon exchange but with di”erent
couplings and a massive propagator.

For the RS scenario, the additional contribution arises from s-channel exchange of KK
gravitons. The corresponding helicity amplitudes can be written as

M(G)(±,→; +,+) = →s2ω

4
A(s)

√
1↑ ω2 sin ε cos ε, (4.27)

M(G)(±,→;↑,↑) = →s2ω

4
A(s)

√
1↑ ω2 sin ε cos ε, (4.28)

M(G)(±,→; +,↑) = →s2ω

8
A(s) (2 cos2 ε ± cos ε ↑ 1), (4.29)

M(G)(±,→;↑,+) = ±s2ω

8
A(s) (2 cos2 ε → cos ε ↑ 1). (4.30)

Unlike the scalar and vector mediators, the exchange of a spin-2 KK graviton induces
helicity structures characteristic of its tensorial coupling to the energy-momentum tensor.
As seen from Eqs. (4.27)–(4.30), the angular dependence exhibits nontrivial combinations
such as cos2 ε and sin ε cos ε, which are absent in scalar or vector exchanges.

Moreover, the overall energy dependence encoded in A(s) di”ers significantly from
that of scalar or vector mediators, e”ectively scaling as s at the amplitude level. This
distinct behavior reflects the higher-dimensional origin of the interaction and can lead
to qualitatively di”erent modifications of spin correlations and entanglement observables,
especially at high energies.

While the U(1)B↑L contribution has the same Lorentz structure as photon exchange,
di”ering only by the couplings and the massive propagator, the RS contribution repre-
sents a genuinely new tensor interaction. As a consequence, the RS scenario provides
a qualitatively distinct benchmark for studying the sensitivity of quantum-entanglement
observables to the spin and Lorentz structure of new physics.

5 Numerical analysis

In this section we present numerical results for the entanglement marker, the concurrence,
and the maximal CHSH Bell parameter in the four scenarios. The SM inputs are fixed
to ϑ = e2/(4ϖ) = 1/128, mt = 173 GeV, sin2 εW = 0.23343 and mZ = 91.188 GeV. For
the numerical analysis, we adopt representative benchmark points for each new-physics
scenario, as summarized in Table 1. The parameters are chosen within phenomenolog-
ically viable ranges, and the new-physics contributions lead to visible deviations from
the SM. Our goal is not merely to quantify the amount of quantum correlation in each
benchmark model. Rather, we investigate whether quantum-information observables can
reveal characteristic signatures of new particles and the structure of their interactions. To
this end, we compare scalar, vector, and tensor mediators on equal footing and examine
how the distinctive features of these new particles and their interactions are encoded in
the kinematic dependence of the entanglement marker, concurrence, and Bell-nonlocality
observables.

We first discuss the entanglement marker, shown in Fig. 2 and Fig. 3. The contour
plots reveal the kinematic regions where quantum correlations are enhanced, while the
angular distributions at fixed energies provide a complementary one-dimensional view
that makes the location and depth of the extrema more transparent.
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Eq. (2.20), we obtain

B1r = 2Re(ω13 + ω24), B1n = →2 Im(ω13 + ω24), B1k = ω11 + ω22 → ω33 → ω44, (2.22)

B2r = 2Re(ω12 + ω34), B2n = →2 Im(ω12 + ω34), B2k = ω11 → ω22 + ω33 → ω44, (2.23)

and

Crr = 2Re(ω14 + ω23), Crn = 2 Im(ω23 → ω14), Crk = 2Re(ω13 → ω24), (2.24)

Cnr = →2 Im(ω14 + ω23), Cnn = 2Re(ω23 → ω14), Cnk = 2 Im(ω24 → ω13), (2.25)

Ckr = 2Re(ω12 → ω34), Ckn = 2 Im(ω34 → ω12), Ckk = ω11 → ω22 → ω33 + ω44. (2.26)

In the following, the correlation coe!cients Cij are computed explicitly for each the-
oretical scenario considered in this work. To this end, in Sec. 4 we evaluate the helicity
amplitudes for l→l+ ↑ tt̄ in the SM and in the benchmark extensions, and construct the
spin matrix R defined in Eq. (2.18). From the resulting density matrix ω, the coe!cients
Cij are extracted using Eqs. (2.24)-(2.26) and subsequently employed in Sec. 5 to evaluate
the entanglement markers, the concurrence, and the maximal CHSH parameter.

3 Models

In this section we specify the three scenarios considered in the paper and collect the
interactions relevant for l→l+ ↑ tt̄ (l = e, µ).

3.1 Scalar mediator extension of the SM

We first consider the SM extended by a SU(2) doublet scalar field ” with U(1)Y charge 1/2
that couples to a charged lepton l = e, µ, and to the top quark via Yukawa interactions.
The relevant Lagrangian terms are

L ↓ →m2
!”

†”+
{
→Yl l̄L”lR → Yt q̄L”̃tR + h.c.

}
, (3.1)

where ”̃ = iε2”↑, and Yl and Yt denote Yukawa couplings. We assume that ” develops
no vacuum expectation value.

In this scenario, l→l+ ↑ tt̄ receives, in addition to the SM ϑ and Z exchange, an
s-channel scalar-exchange contribution proportional to YlYt, which we will denote by
M(!). Its helicity structure di#ers from that of vector and axial-vector exchange, and in
particular allows same-helicity final states that are suppressed in the pure SM. As we will
see, this feature has a direct impact on the entanglement pattern of the final-state spins.

3.2 Minimal gauged U(1)B→L model

The second scenario is the minimal gauged U(1)B→L extension of the SM [44–50]. The
gauge group is enlarged to

SU(3)C ↔ SU(2)L ↔ U(1)Y ↔ U(1)B→L, (3.2)

and the SM fermions carry B → L charges equal to their baryon (B) minus lepton (L)
number. Anomaly cancellation requires the introduction of three right-handed neutrinos.
The U(1)B→L symmetry is spontaneously broken by a scalar field with U(1)B→L charge
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+2, giving mass to the new gauge boson Z → and generating Majorana masses for the
right-handed neutrinos.

The gauge-kinetic terms involving the two Abelian factors are

L → ↑1

4
BµωB

µω ↑ 1

4
Z →

µω
Z →µω ↑ sinω

2
BµωZ

→µω , (3.3)

whereBµ and Z →
µ
are the gauge fields of U(1)Y and U(1)B↑L, respectively, and ω parametrizes

kinetic mixing. After electroweak and B↑L symmetry breaking, the neutral gauge bosons
mix into the photon, the SM Z and the heavy Z → boson. In the simplest limit of vanishing
kinetic mixing at the B ↑ L breaking scale, the mass eigenstate Z → couples vectorially to
fermions with strength proportional to their B ↑ L charge.

For the purposes of this work, we assume ω = 0 in which the relevant couplings of Z →

to leptons and top quarks are

L → ↑gB↑LQ
l

B↑L
l̄εµl Z →

µ
↑ gB↑LQ

t

B↑L
t̄εµt Z →

µ
, (3.4)

where gB↑L denotes the gauge coupling constant of the U(1)B↑L symmetry, and Ql

B↑L
=

↑1 and Qt

B↑L
= 1/3 are the corresponding B↑L charges. The mass and the U(1)B↑L

coupling, mZ→ and gB↑L, are treated as free parameters within the experimental bounds.
In this scenario, the l↑l+ ↓ tt̄ amplitude receives a new s-channel contribution from

Z → exchange, which interferes with the SM photon and Z amplitudes. We denote this
contribution by M(Z→).

3.3 Randall-Sundrum model

As a third benchmark scenario, we consider the RS model with a single warped extra
dimension [51]. In this framework, the five-dimensional spacetime is a slice of anti-de
Sitter space compactified on an S1/Z2 orbifold, bounded by a Planck (UV) brane and a
TeV (IR) brane. The non-factorizable warped metric generates an exponential hierarchy
between the electroweak and Planck scales, thereby providing a geometrical solution to
the gauge hierarchy problem.

A characteristic feature of the RS model is that the zero-mode graviton and its KK
excitations have distinct wave-function profiles along the extra dimension. While the
graviton zero mode is localized near the Planck brane and couples to SM fields with the
usual Planck-suppressed strength, the KK gravitons are localized toward the TeV brane.
As a consequence, their couplings to SM fields residing on the TeV brane are significantly
enhanced and become relevant for collider phenomenology.

The e!ective interaction between the KK gravitons and the SM fields can be written
as [57, 58]

Lint = ↑ 1

M̄Pl
T µω(x)h(0)

µω
(x)↑ 1

”ε

T µω(x)
↓∑

n=1

h(n)
µω

(x), (3.5)

where h(n)
µω denotes the n-th KK graviton mode, T µω is the energy-momentum tensor of

the SM fields, and ”ε = M̄Ple↑ϑrcε is an e!ective interaction scale of order the TeV scale
with M̄Pl = 2.4 ↔ 1018 GeV being the reduced Planck mass. The contribution of the
graviton zero mode is negligible for collider processes, whereas each KK graviton couples
to SM fields with strength suppressed only by ”ε.

The masses of the KK gravitons are given by

mn = xn ϑ e
↑ϑrcε, (3.6)
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The top-left panel in Fig. 2 shows the SM case. The entanglement marker exhibits a
single connected structure, with a smooth dependence on both the scattering angle and the
center-of-mass energy. The correlation is strongest in the central region, ω/ε → 0.5–0.7,
and increases gradually with energy. This behavior is also evident in the corresponding
energy slices shown in the top-left panel of Fig. 3, where a single broad minimum develops
and deepens as

↑
s increases.

Figure 2: Contours of the entanglement marker in the (
↑
s, ω/ε) plane. The top panels

show the SM (left) and the scalar-mediator model (right), while the bottom panels show
the U(1)B→L model (left) and the RS model (right).

The scalar mediator scenario, shown in the top-right panels of Figs. 2 and 3, preserves
the overall angular pattern of the SM, with the entanglement marker developing a broad
minimum around intermediate scattering angles. Its magnitude is, however, reduced.
This reduction can be understood from the helicity structure of the scalar interaction.
Unlike the SM vector interactions, scalar exchange enhances like-helicity top-pair con-
figurations, which dilute the opposite-helicity spin correlations responsible for the strong
quantum correlations in the SM. Since the scalar amplitude does not interfere with the SM

model mediated particle masses [TeV] coupling parameters
scalar-mediator ! (spin-0) 0.2 Yl = Yt = 0.2

U(1)B→L Z ↑ (spin-1) 5.0 gB→L = 0.4
RS G (spin-2) 5.5, 10.1, 14.6, 19.1 ϑ/M̄Pl = 0.2

Table 1: Benchmark masses and coupling parameters in the new-physics models for nu-
merical analysis.
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• The correlation is strongest in the backward region, , and 
increases gradually with energy. 

• This asymmetry is due to the chiral structure of the couplings 
between the Z boson and the fermions.

θ/π ∼ 0.7

in the SM (photon and Z mediated)
Entanglement markar Dmin
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• Overall behaviors remain unchanged due to the absence of strong 
interference with the SM amplitudes. 

• Reduction of the entanglement is observed, since, unlike the SM vector 
interactions, scalar exchange enhances like-helicity top-pair 
configurations, which dilute the opposite-helicity correlations in the SM.

in the spin-0 mediated scenario
Entanglement markar Dmin

12
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• Characteristic reshaping of the entanglement pattern is observed. 

• This is due to the interference between the chiral SM interaction and 
the vector-like Z’ interaction.

in the spin-1 mediated scenario
Entanglement markar Dmin

13
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• Characteristic angular structures associated with spin-2 massive graviton 
exchange in higher energies. 

• All the behaviors can be explained by the interference between the SM 
contribution and the KK-graviton contribution.

in the spin-2 mediated scenario
Entanglement markar Dmin

14
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• We confirmed all the numerical results based on analytical formula by 
automated computation of event-by-event spin-density matrices in MadGraph; 
     spin-0, 2: HiggsCharacterisation (HC) model [Artoisenet et al. JHEP2013] 
     spin-1: U1XGeneric model [Das et al. PRD2022]  

• We would like to thank Valentin Durupt, Fabio Maltoni, and Olivier Mattelaer for 
technical help in numerical computation of spin density matrices in MadGraph.

by V. Durupt, F. Maltoni, O. Mattelaer [JHEP04(2026)103]

Automated computation of spin-density matrices and 
quantum observables in MadGraph

15

Model Crr Cnn Ckk

Theory MadGraph Theory MadGraph Theory MadGraph

SM 0.300 0.298 →0.290 →0.287 0.989 0.990
scalar-mediator →0.007 →0.007 →0.007 →0.007 →1.000 →1.000

U(1)B→L 0.503 0.502 →0.490 →0.489 0.987 0.987
RS →0.156 →0.158 0.174 0.176 0.982 0.982

Table 2: Comparison of the diagonal components of the spin-correlation matrix between
the analytical calculation (Theory) and the numerical simulation by MadGraph.

Model D(1) D(k) D(r) D(n)

Theory MadGraph Theory MadGraph Theory MadGraph Theory MadGraph

SM 0.333 0.333 0.326 0.326 →0.133 →0.135 →0.526 →0.525
scalar-mediator →0.338 →0.338 →0.329 →0.329 0.333 0.333 0.333 0.333

U(1)B→L 0.333 0.333 0.325 0.325 0.002 0.002 →0.660 →0.660
RS 0.333 0.333 0.322 0.322 →0.438 →0.439 →0.217 →0.216

Table 3: Comparison of the entanglement markers D(i) obtained from the analytical
calculation (Theory) and the numerical simulation by MadGraph.

6 Discussion and conclusions

In this work, we have performed a systematic study of quantum entanglement and Bell-
inequality violation in l→l+ ↑ tt̄ (l = e, µ) at future lepton colliders such as the ILC and
multi-TeV muon colliders, within the SM and three representative extensions involving
scalar, vector, and tensor-mediated interactions. Working in a unified density-matrix
framework, we evaluated the entanglement marker, the concurrence, and the maximal
CHSH Bell parameter on equal footing.

The central result of this work is that the scalar, vector, and RS scenarios leave qual-
itatively distinct fingerprints in quantum-information observables. Rather than merely
enhancing or suppressing entanglement, the new interactions produce qualitatively dis-
tinct patterns in the quantum-information observables, reflecting the properties of the
underlying new particles and their interaction patterns. The scalar mediator leads to an
overall reduction of entanglement, reflecting its tendency to enhance like-helicity top-pair
configurations. The absence of strong interference with the SM amplitudes further ensures
that the overall topology remains similar to the SM pattern. In contrast, the U(1)B→L

model is characterized by the energy-dependent evolution of the angular extrema together
with a characteristic weakening of the entanglement, leading to a characteristic reshaping
of the entanglement pattern in the (ω,

↓
s) plane. The RS scenario exhibits the most

distinctive behavior, developing characteristic angular structures associated with spin-2
KK-graviton exchange that are absent in the scalar and vector benchmarks considered
here.

We further find that the CHSH parameter provides information complementary to that
of the entanglement marker and concurrence. In the SM, as well as in the U(1)B→L and
RS scenarios, the maximal CHSH parameter exceeds the classical bound Bmax = 2 over
broad angular regions, indicating persistent Bell-inequality violation throughout much of
the accessible phase space. By contrast, in the scalar-mediator model the violation is much
more limited: for

↓
s = 500 and 1000 GeV, the CHSH parameter stays below the classi-

cal bound over the entire angular range, whereas clear violation appears only at higher

21
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Disentangling new physics with quantum entanglement
t t̄ production at future lepton colliders · ILC and multi-TeV μ⁺μ⁻ colliders
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• We performed a systematic study of quantum 
entanglement for top-pair production at future lepton 
colliders within the SM and three representative BSM 
scenarios, additional spin-0, 1, and 2 mediated interactions. 

• We found that each scenario produces qualitatively 
distinct patterns in the QI observables, reflecting the 
properties of the underlying new particle and its interactions. 

• Incorporating realistic reconstruction and detector effects 
will be essential for accessing the experimental feasibility of 
measuring these QI observables in practice.  

Summary and outlook

17
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a toy chiral spin-1 coupling model
Entanglement marker 
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where

N(ω) = A(ω) +D(ω), (A.4)

A(ω) = 4
(
gt
R

)2
[
(ge

R
)2 cos4

ω

2
+ (ge

L
)2 sin4 ω

2

]
, (A.5)

D(ω) = 4
(
gt
L

)2
[
(ge

L
)2 cos4

ω

2
+ (ge

R
)2 sin4 ω

2

]
, (A.6)

B(ω) =
[
(ge

L
)2 + (ge

R
)2
]
gt
L
gt
R
sin2 ω. (A.7)

From the density matrix (A.3), we have the entanglement marker as

Dmin(ω) = →1

3

[
1 +

4|B(ω)|
N(ω)

]
. (A.8)

Thus, the entanglement condition (2.10) is satisfied whenever the o!-diagonal element
B(ω) is nonzero.

The concurrence can also be evaluated analytically. For the density matrix in Eq. (A.3),
we have

C(ω) =
2|B(ω)|
N(ω)

. (A.9)

Consequently, the entanglement marker and concurrence satisfy the simple relation

Dmin(ω) = →1 + 2C(ω)

3
. (A.10)

The two observables therefore contain the same angular information in the present mass-
less single-vector-exchange limit. In particular, the minimum of Dmin occurs at the same
angle as the maximum of the concurrence.

The dependence of this angle on the chiral couplings can be obtained explicitly. In-
troducing

P =
(
gt
R
ge
R

)2
+
(
gt
L
ge
L

)2
, (A.11)

Q =
(
gt
R
ge
L

)2
+
(
gt
L
ge
R

)2
, (A.12)

and defining

x = cos ω, (A.13)

the normalization factor becomes

N(x) = P (1 + x)2 +Q(1→ x)2, (A.14)

whereas

|B(x)| = R(1→ x2), R =
[
(ge

L
)2 + (ge

R
)2
] ∣∣gt

L
gt
R

∣∣ . (A.15)

It follows that

C(x) =
2R(1→ x2)

P (1 + x)2 +Q(1→ x)2
. (A.16)
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The nontrivial extremum of (A.16) in the physical angular region is located at

cos ωext =

→
Q↑

→
P→

P +
→
Q
. (A.17)

At this angle, the concurrence reaches

Cmax =
R→
PQ

, (A.18)

and the entanglement marker takes the minimum value

D(min)
min = ↑1

3

(
1 +

2R→
PQ

)
. (A.19)

Equation (A.17) shows explicitly that the angular position of the entanglement struc-
ture is controlled by the relative strengths of the chiral couplings. The distribution is
symmetric about ω = ε/2 when

P = Q. (A.20)

Indeed,

P ↑Q =
[(
gt
R

)2 ↑
(
gt
L

)2] [
(ge

R
)2 ↑ (ge

L
)2
]
. (A.21)

Therefore, P = Q if the coupling to either the initial or final fermion is vector-like in
magnitude. In particular, for the U(1)B→L interaction,

ge
L
= ge

R
, gt

L
= gt

R
, (A.22)

and one obtains

ωext =
ε

2
. (A.23)

By contrast, if P > Q, the extremum is shifted to ω > ε/2, while for P < Q it is shifted
to ω < ε/2.

We show the dependence of the entanglement marker on the chiral couplings in Fig. 8.
For vector-like couplings, P = Q, and the minimum is located at ω = ε/2. When P > Q,
the minimum is shifted towards ω > ε/2, whereas P < Q shifts the minimum towards
ω < ε/2, in complete agreement with Eq. (A.17).

These results provide a simple interpretation of the energy-dependent angular struc-
tures found in the full U(1)B→L calculation. At relatively low energies, the distribution is
dominated by the SM amplitudes and reflects their chiral asymmetry. In the energy region
where the Z ↑ contribution dominates, the vector-like U(1)B→L couplings drive the entan-
glement extremum toward the symmetric position ω/ε = 1/2. The energy-dependent
movement of the entanglement extrema and the weakened-entanglement regions observed
in the intermediate-energy region require the coexistence of chiral and vector-like inter-
actions. These features are analyzed in Appendix B.
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• The entanglement marker reaches the separability bound when the 
off-diagonal element vanishes, i.e.  

a toy chiral + heavy vectorlike coupling model
Entanglement markar

21

Figure 8: Angular dependence of the entanglement marker for several representative
choices of chiral couplings. The blue horizontal line denotes the separability bound,
Dmin = →1/3. The solid curve corresponds to vector-like couplings P = Q, (ge

R
= ge

L
=

gt
R
= gt

L
= 1), while the dashed and dotted curves illustrate the cases P > Q (gl

R
= gt

R
=

3, gl
L
= gt

L
= 1) and P < Q (gl

R
= gt

R
= 1, gl

L
= gt

L
= 3), respectively. The minimum

shifts according to Eq. (A.17), demonstrating that its angular position is determined by
the relative strengths of the left- and right-chiral couplings. couplings.

B Analytic interpretation of the intermediate-energy
entanglement pattern in the U(1)B→L model

As discussed in Sec. 5, the U(1)B→L model exhibits two characteristic features in the
intermediate-energy region. The entanglement extrema move with the collision energy,
while the entanglement is significantly weakened around

↑
s ↓ 3 TeV and 4 TeV, leading

to the weakened-entanglement regions in Fig. 2. To clarify the origin of this behavior, we
consider a simplified model containing a massless neutral vector boson Aµ with generic
chiral couplings and a massive neutral vector boson Xµ with vector-like couplings. The
former mimics the chiral structure of the SM Z boson, with its mass neglected, whereas the
latter mimics the vector-like Z ↑ boson of the U(1)B→L model. The interaction Lagrangian
is

Lint = Aµ

[
ēωµ

(
gl
L
PL + gl

R
PR

)
e+ t̄ωµ

(
gt
L
PL + gt

R
PR

)
t
]

+ gB→LXµ

(
Ql

B→L
ēωµe+Qt

B→L
t̄ωµt

)
. (B.1)

We neglect the lepton and top-quark masses, as in Appendix A, and also neglect the
width of the massive vector boson.

The normalized density matrix takes the form

ε(s, ϑ) =
1

N(s, ϑ)





A(s, ϑ) 0 0 B(s, ϑ)
0 0 0 0
0 0 0 0

B(s, ϑ) 0 0 D(s, ϑ)



 , (B.2)
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where

A(s, ω) = 4

[
G2

RR
(s) cos4

ω

2
+G2

LR
(s) sin4 ω

2

]
, (B.3)

D(s, ω) = 4

[
G2

LL
(s) cos4

ω

2
+G2

RL
(s) sin4 ω

2

]
, (B.4)

B(s, ω) = [GRR(s)GRL(s) +GLR(s)GLL(s)] sin
2 ω, (B.5)

N(s, ω) = A(s, ω) +D(s, ω), (B.6)

with

GRR(s) = gl
R
gt
R
→ ε(s), GLR(s) = gl

L
gt
R
→ ε(s), (B.7)

GLL(s) = gl
L
gt
L
→ ε(s), GRL(s) = gl

R
gt
L
→ ε(s), (B.8)

and

ε(s) =
g2
B→L

3

s

s→M2
X

, (B.9)

whereMX is a mass of the X-boson. Here the factor 1/3 follows from Ql

B→L
Qt

B→L
= →1/3,

with an overall common sign absorbed into the definition of the four channel coe!cients.
The quantities GRR(s), GLR(s), GLL(s), and GRL(s) may be regarded as e”ective chi-
ral couplings, since they incorporate both the original chiral couplings and the energy-
dependent vector-like contribution ε(s).

For this density matrix, the concurrence and entanglement marker are, respectively,

C(s, ω) =
2|B(s, ω)|
N(s, ω)

, (B.10)

Dmin(s, ω) = →1

3

[
1 +

4|B(s, ω)|
N(s, ω)

]
= →1 + 2C(s, ω)

3
. (B.11)

The weakening of the entanglement is therefore controlled by the ratio |B|/N . For sin ω ↑=
0, the concurrence vanishes when

GRR(s)GRL(s) +GLR(s)GLL(s) = 0. (B.12)

This can occur for suitable combination of gauge couplings and collision energies. In such
a case, the concurrence vanishes and the entanglement marker reaches the separability
bound.

Expanding Eq. (B.12) in powers of ε, we obtain

2ε2 → Sε+ T = 0, (B.13)

where

S =
(
gl
L
+ gl

R

) (
gt
L
+ gt

R

)
, (B.14)

T =
[(
gl
L

)2
+
(
gl
R

)2]
gt
L
gt
R
. (B.15)

The solutions are

ε± =
S ±

↓
S2 → 8T

4
. (B.16)
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A(s, ϑ) 0 0 B(s, ϑ)
0 0 0 0
0 0 0 0

B(s, ϑ) 0 0 D(s, ϑ)



 , (B.2)
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where

A(s, ω) = 4

[
G2

RR
(s) cos4

ω

2
+G2

LR
(s) sin4 ω

2

]
, (B.3)

D(s, ω) = 4

[
G2

LL
(s) cos4

ω

2
+G2

RL
(s) sin4 ω

2

]
, (B.4)

B(s, ω) = [GRR(s)GRL(s) +GLR(s)GLL(s)] sin
2 ω, (B.5)

N(s, ω) = A(s, ω) +D(s, ω), (B.6)

with

GRR(s) = gl
R
gt
R
→ ε(s), GLR(s) = gl

L
gt
R
→ ε(s), (B.7)

GLL(s) = gl
L
gt
L
→ ε(s), GRL(s) = gl

R
gt
L
→ ε(s), (B.8)

and

ε(s) =
g2
B→L

3

s

s→M2
X

, (B.9)

whereMX is a mass of the X-boson. Here the factor 1/3 follows from Ql

B→L
Qt

B→L
= →1/3,

with an overall common sign absorbed into the definition of the four channel coe!cients.
The quantities GRR(s), GLR(s), GLL(s), and GRL(s) may be regarded as e”ective chi-
ral couplings, since they incorporate both the original chiral couplings and the energy-
dependent vector-like contribution ε(s).

For this density matrix, the concurrence and entanglement marker are, respectively,

C(s, ω) =
2|B(s, ω)|
N(s, ω)

, (B.10)

Dmin(s, ω) = →1

3

[
1 +

4|B(s, ω)|
N(s, ω)

]
= →1 + 2C(s, ω)

3
. (B.11)

The weakening of the entanglement is therefore controlled by the ratio |B|/N . For sin ω ↑=
0, the concurrence vanishes when

GRR(s)GRL(s) +GLR(s)GLL(s) = 0. (B.12)

This can occur for suitable combination of gauge couplings and collision energies. In such
a case, the concurrence vanishes and the entanglement marker reaches the separability
bound.

Expanding Eq. (B.12) in powers of ε, we obtain

2ε2 → Sε+ T = 0, (B.13)

where

S =
(
gl
L
+ gl

R

) (
gt
L
+ gt

R

)
, (B.14)

T =
[(
gl
L

)2
+
(
gl
R

)2]
gt
L
gt
R
. (B.15)

The solutions are

ε± =
S ±

↓
S2 → 8T

4
. (B.16)

26

where

A(s, ω) = 4

[
G2

RR
(s) cos4

ω

2
+G2

LR
(s) sin4 ω

2

]
, (B.3)

D(s, ω) = 4

[
G2

LL
(s) cos4

ω

2
+G2

RL
(s) sin4 ω

2

]
, (B.4)

B(s, ω) = [GRR(s)GRL(s) +GLR(s)GLL(s)] sin
2 ω, (B.5)

N(s, ω) = A(s, ω) +D(s, ω), (B.6)

with

GRR(s) = gl
R
gt
R
→ ε(s), GLR(s) = gl

L
gt
R
→ ε(s), (B.7)

GLL(s) = gl
L
gt
L
→ ε(s), GRL(s) = gl

R
gt
L
→ ε(s), (B.8)

and

ε(s) =
g2
B→L

3

s

s→M2
X

, (B.9)

whereMX is a mass of the X-boson. Here the factor 1/3 follows from Ql

B→L
Qt

B→L
= →1/3,

with an overall common sign absorbed into the definition of the four channel coe!cients.
The quantities GRR(s), GLR(s), GLL(s), and GRL(s) may be regarded as e”ective chi-
ral couplings, since they incorporate both the original chiral couplings and the energy-
dependent vector-like contribution ε(s).

For this density matrix, the concurrence and entanglement marker are, respectively,

C(s, ω) =
2|B(s, ω)|
N(s, ω)

, (B.10)

Dmin(s, ω) = →1

3

[
1 +

4|B(s, ω)|
N(s, ω)

]
= →1 + 2C(s, ω)

3
. (B.11)

The weakening of the entanglement is therefore controlled by the ratio |B|/N . For sin ω ↑=
0, the concurrence vanishes when

GRR(s)GRL(s) +GLR(s)GLL(s) = 0. (B.12)

This can occur for suitable combination of gauge couplings and collision energies. In such
a case, the concurrence vanishes and the entanglement marker reaches the separability
bound.

Expanding Eq. (B.12) in powers of ε, we obtain

2ε2 → Sε+ T = 0, (B.13)

where

S =
(
gl
L
+ gl

R

) (
gt
L
+ gt

R

)
, (B.14)

T =
[(
gl
L

)2
+
(
gl
R

)2]
gt
L
gt
R
. (B.15)

The solutions are

ε± =
S ±

↓
S2 → 8T

4
. (B.16)

26

where

A(s, ω) = 4

[
G2

RR
(s) cos4

ω

2
+G2

LR
(s) sin4 ω

2

]
, (B.3)

D(s, ω) = 4

[
G2

LL
(s) cos4

ω

2
+G2

RL
(s) sin4 ω

2

]
, (B.4)

B(s, ω) = [GRR(s)GRL(s) +GLR(s)GLL(s)] sin
2 ω, (B.5)

N(s, ω) = A(s, ω) +D(s, ω), (B.6)

with

GRR(s) = gl
R
gt
R
→ ε(s), GLR(s) = gl

L
gt
R
→ ε(s), (B.7)

GLL(s) = gl
L
gt
L
→ ε(s), GRL(s) = gl

R
gt
L
→ ε(s), (B.8)

and

ε(s) =
g2
B→L

3

s

s→M2
X

, (B.9)

whereMX is a mass of the X-boson. Here the factor 1/3 follows from Ql

B→L
Qt

B→L
= →1/3,

with an overall common sign absorbed into the definition of the four channel coe!cients.
The quantities GRR(s), GLR(s), GLL(s), and GRL(s) may be regarded as e”ective chi-
ral couplings, since they incorporate both the original chiral couplings and the energy-
dependent vector-like contribution ε(s).

For this density matrix, the concurrence and entanglement marker are, respectively,

C(s, ω) =
2|B(s, ω)|
N(s, ω)

, (B.10)

Dmin(s, ω) = →1

3

[
1 +

4|B(s, ω)|
N(s, ω)

]
= →1 + 2C(s, ω)

3
. (B.11)

The weakening of the entanglement is therefore controlled by the ratio |B|/N . For sin ω ↑=
0, the concurrence vanishes when

GRR(s)GRL(s) +GLR(s)GLL(s) = 0. (B.12)

This can occur for suitable combination of gauge couplings and collision energies. In such
a case, the concurrence vanishes and the entanglement marker reaches the separability
bound.

Expanding Eq. (B.12) in powers of ε, we obtain

2ε2 → Sε+ T = 0, (B.13)

where

S =
(
gl
L
+ gl

R

) (
gt
L
+ gt

R

)
, (B.14)

T =
[(
gl
L

)2
+
(
gl
R

)2]
gt
L
gt
R
. (B.15)

The solutions are

ε± =
S ±

↓
S2 → 8T

4
. (B.16)

26

where

A(s, ω) = 4

[
G2

RR
(s) cos4

ω

2
+G2

LR
(s) sin4 ω

2

]
, (B.3)

D(s, ω) = 4

[
G2

LL
(s) cos4

ω

2
+G2

RL
(s) sin4 ω

2

]
, (B.4)

B(s, ω) = [GRR(s)GRL(s) +GLR(s)GLL(s)] sin
2 ω, (B.5)

N(s, ω) = A(s, ω) +D(s, ω), (B.6)

with

GRR(s) = gl
R
gt
R
→ ε(s), GLR(s) = gl

L
gt
R
→ ε(s), (B.7)

GLL(s) = gl
L
gt
L
→ ε(s), GRL(s) = gl

R
gt
L
→ ε(s), (B.8)

and

ε(s) =
g2
B→L

3

s

s→M2
X

, (B.9)

whereMX is a mass of the X-boson. Here the factor 1/3 follows from Ql

B→L
Qt

B→L
= →1/3,

with an overall common sign absorbed into the definition of the four channel coe!cients.
The quantities GRR(s), GLR(s), GLL(s), and GRL(s) may be regarded as e”ective chi-
ral couplings, since they incorporate both the original chiral couplings and the energy-
dependent vector-like contribution ε(s).

For this density matrix, the concurrence and entanglement marker are, respectively,

C(s, ω) =
2|B(s, ω)|
N(s, ω)

, (B.10)

Dmin(s, ω) = →1

3

[
1 +

4|B(s, ω)|
N(s, ω)

]
= →1 + 2C(s, ω)

3
. (B.11)

The weakening of the entanglement is therefore controlled by the ratio |B|/N . For sin ω ↑=
0, the concurrence vanishes when

GRR(s)GRL(s) +GLR(s)GLL(s) = 0. (B.12)

This can occur for suitable combination of gauge couplings and collision energies. In such
a case, the concurrence vanishes and the entanglement marker reaches the separability
bound.

Expanding Eq. (B.12) in powers of ε, we obtain

2ε2 → Sε+ T = 0, (B.13)

where

S =
(
gl
L
+ gl

R

) (
gt
L
+ gt

R

)
, (B.14)

T =
[(
gl
L

)2
+
(
gl
R

)2]
gt
L
gt
R
. (B.15)

The solutions are

ε± =
S ±

↓
S2 → 8T

4
. (B.16)

26



Kentarou Mawatari (Iwate U.)

• The entanglement marker becomes its boundary value 
whenever , i.e. .r(θ) = 0 θ = nπ/3

only first KK graviton with the massless top limit 
Entanglement markar
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C Origin of the disconnected entangled regions in the
RS model

In this appendix, we clarify the origin of the disconnected entangled regions found in the
RS model. For this purpose, we isolate the contribution from the first KK graviton and
neglect the SM amplitudes. We also take the massless-top limit, mt = 0, in order to
extract the angular structure associated purely with the spin-2 exchange.

In this limit, the helicity amplitudes can be written schematically as

M(G)(s, ω) = A(s)F(ω), (C.1)

where A(s) is given in (3.8), while F(ω) describes the angular dependence of the helicity
amplitudes. Since the spin density matrix is normalized by its trace, the common factor
|A(s)|2 cancels. The normalized density matrix therefore depends only on the scattering
angle in this simplified limit. As in Appendix A, only the ε+→,+→, ε+→,→+, ε→+,+→, and
ε→+,→+ components are nonvanishing. The normalized density matrix is therefore written
as

ε =
1

2





1 0 0 r(ω)
0 0 0 0
0 0 0 0

r(ω) 0 0 1



 , (C.2)

where

r(ω) =
2 sin ω sin 3ω

2 + cos 2ω + cos 4ω
. (C.3)

For the density matrix in Eq. (C.2), the entanglement marker reduces to

Dmin(ω) = →1

3
(1 + 2 |r(ω)|) . (C.4)

Thus, the entanglement marker returns to its boundary value whenever r(ω) = 0. The
denominator in Eq. (C.3) remains positive throughout the physical angular range. Indeed,

2 + cos 2ω + cos 4ω = 8

(
cos2 ω → 3

8

)2

+
7

8
, (C.5)

and the polynomial on the right-hand side has no zero for 0 ↑ ω ↑ ϑ. The numerator
vanishes at

ω = 0,
ϑ

3
,

2ϑ

3
, ϑ, (C.6)

as can be easily seen from

sin ω sin 3ω =
(
1→ cos2 ω

) (
4 cos2 ω → 1

)
. (C.7)

Thus, the two internal nodes at ω = ϑ/3 and 2ϑ/3 divide the physical angular interval
into three separate regions. Therefore, the separation of the angular regions is entirely
determined by the zeros of the o!-diagonal matrix element r(ω).

The same conclusion follows from the concurrence. For the density matrix in Eq. (C.2),
the concurrence is given by

C(ω) = |r(ω)| =
∣∣∣∣

2 sin ω sin 3ω

2 + cos 2ω + cos 4ω

∣∣∣∣ . (C.8)
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Concurrence

23Figure 4: Contours of the concurrence in the (
→
s, ω/ε) plane. The panel assignments are

the same as in Fig. 2 for the entanglement marker.

Figure 5: Angular dependence of the concurrence at fixed center-of-mass energies. The
panel assignments are the same as in Fig. 3. The solid black, dashed black, solid red, and
dashed red curves correspond to

→
s = 500 GeV, 1000 GeV, 3000 GeV, and 4500 GeV,

respectively.
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CHSH Bell parameter

24Figure 6: Contours of the CHSH Bell parameter in the (
→
s, ω/ε) plane. The panel

assignments are the same as in Fig. 2 for the entanglement marker.

Figure 7: Angular dependence of the CHSH Bell parameter at fixed center-of-mass en-
ergies. The panel assignments are the same as in Fig. 3. The solid black, dashed black,
solid red, and dashed red curves correspond to

→
s = 500 GeV, 1000 GeV, 3000 GeV,

and 4500 GeV, respectively. The horizontal blue line marks the classical CHSH bound
Bmax = 2.
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