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Introduction

The Cornerstones for Modern Physics

» Quantum Mechanics.

» Special Relativity.
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Introduction

Two Most Genuine Features of Quantum Mechanics

» Quantum entanglement.

» Bell's theorem.
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Introduction

Quantum Entanglement

» EPR Paradox: in 1935, Einstein-Podolsky-Rosen
demonstrated the conflict between local realism and quantum
mechanics by considering quantum entangled states . They
claimed that quantum mechanics is incomplete.

» In 1935, Schrodinger called it quantum entanglement, a
characteristic of quantum mechanics.

» In 1949, Wu-Shaknov provided the first photon entanglement
experiment, and obtained a clearly spatially separated
quantum entangled state.

» In 1957, Bohm-Aharonov found that Wu-Shaknov experiment
achieved the photon polarization correlation, and showed that
the non-entangled state could not give such results.
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Introduction

Bell's Theorem

» In 1964, Bell proposed the inequality satisfied by local realism
or local hidden-variable theory.

» Quantum entangled states might violate Bell's inequality, but
polarization needs to be measured in a direction that is
neither parallel nor perpendicular.

» |t is not easy to measure the polarizations of high energy
photons directly.

» Over decades, quantum entanglement and Bell non-locality
have been rigorously confirmed through various experiments
violating Bell inequalities and demonstrations of quantum
teleportation, primarily in low-energy systems such as
photons, ions, and solid-state qubits.
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Introduction

Quantum Entanglement and Bell's Theorem

» Quantum entanglement and Bell non-locality are closely
related. However, there is a subtle difference: quantum
entanglement is a necessary condition for Bell non-locality,
but not a sufficient condition.

> The exploration of entanglement in high-energy particle
physics remains an emerging frontier, where the interplay
between quantum correlations and relativistic dynamics opens
new avenues to probe fundamental physics.
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Introduction

High Energy Physics

» The foundation of the Stanard Model (SM) is quantum field
theory, which is based on quantum mechanics and special
relativity.

» We can probe the fundamental properties of quantum
mechanics at various high energy physics experiments such as
colliders.

» The quantum entanglement in top quark-antiquark (tt)
system has been observed by the ATLAS and CMS
Collaborations !.

» The polarization state of the tt system is encoded in its spin
density matrix p

/4+Zi (BI—"_O'I®I2+BI_I2®UI)+Z,J CUO'i@Uj
p= :
4

1G. Aad et al. [ATLAS], Nature 633, no.8030, 542-547 (2024) [arXiv:2311.07288 [hep-ex]]; A. Hayrapetyan et
al. [CMS], Rept. Prog. Phys. 87, no.11, 117801 (2024) [arXiv:2406.03976 [hep-ex]].
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Introduction

Spin Density Matrix

1+ By + By +Cxn3 By +C31 —i(By +Cmn) Br+f|_17F(B;+C31) Cy) — Cx —i(Ci2 4 Ca1)
_ | B +Ca+i(By +Cn) 1+ Bf —By —Cs3 Cu+Cn+i(C2—Cn) Bf —Ci5—i(By —Cxn)
PET| Bf +Ca+i(Bf +Cn) Cu+Cn+i(Cyy—Cia)  1=Bf +B; —Cyy By —Cy —i(By —Ca)

Cii— Cn +i(Ca1 +Ci2) BY —Ci3+i(Bf —Cx3) By —Ca +i(B; —Cxn) 1 —Bf — By +Cn

B,?L and B; are respectively the spin polarizations of t and t, and
Cjj is the spin polarization correlation matrix. Under CP

invariance, we obtain Bf =B, and Cj = (j;.

!
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Introduction

High Energy Physics

» For the decay processes t — e + v, + b and
t — e~ + e + b, the angular distributions of the e™ and e~
in their parent particles’ rest frames are

1 do 71+B+~(A]+—B_-(A]_—(A]+-C-€|_
ocdQ.dQ_ (4r)? ’
» The LHC experiments utilized the observable
D =tr[C] /3 = —3(coslq—¢+) ,

and cosf.— o+ = Q4+ - G—.

> A value of D < —1 is a sufficient (though not necessary)
condition for quantum entanglement.

» At the e”e™ colliders, the leading-order (LO) calculations
predict D = % independent of beam energy, polarization, or
the top quarks' emission angles.
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Introduction

Quantum Entanglement Theory and Its Generic Searches

» The quantum entanglement and Bell's non-localities in the
previous studies are all defined via the inequalities. Why?

» The criteria are not universal.
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Introduction

Quantum Entanglement Theory and Its Generic Searches

» A great challenge question: can we propose a Quantum
Entanglement Theory (QET) which can define the quantum
entanglement exactly?

> We need to provide the solid foundation for quantum
entanglement, and probe it via a fundamental approach at the
exact level in general.

» Similarly, for any specific approach to probe the quantum
entanglement, we need to define the corresponding quantum
entanglement criterion exactly as well.
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Introduction

|dea: Fundamental Approach

» Mathematician: think it geometrically, prove it algebraically.

» For a general quantum system, we define the quantum space
as the total spin polarization parameter space, and the
classical space as the spin polarization parameter space for
classical theory.

» The quantum space and classical space are compact
manifolds, and classical space is the hypersurface in quantum
space and can be defined via algebraic equations
(discriminants).

» The quantum entanglement space is the difference of these
two spaces: quantum space minus classical space.
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Introduction

|dea: Specific Approach

» For any specific approach, we factorize the spin polarization
part, calculate the quantum range and classical range, and
then the difference is the quantum entanglement range.

» Point: this quantum entanglement criteria usually are the
sufficient condition, not the sufficient and necessary condition.
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Quantum Entanglement Theory
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Quantum Entanglement Theory
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Quantum Entanglement Theory

Complex Projective Space

» The complex projective space CP" is the (n + 1)-dimensional
complex space C"1\ {0} modulo the following equivalent
classes

z~w iff IAe C\{0}, w= Az,

(20,21, 225 -y 2n) ~ (A20, Az1, A22, ..., Az,,) for all A € C\{0} .

» In physics, we assume |z| = 1, and then have |\| = 1.

» The complex dimension of CP" is n, or say the real dimension
of CP" is 2n.

» We have CP" ~ S52"+1/S1 where S” is n-dimensional sphere.

» In particular, we can prove that CP! is diffeomorphic to S2.
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Quantum Entanglement Theory

Spin Polarization Space

» For a particle P with spin s, the polarization state for its spin
(or helicity) space is

s s

Py=Y"zli)y, Y |z =1.

i=—s i=—s

> Two polarization states are equivalent if their coefficients z;
and z/ satisfy the following equivalent relation

(s, Zos41,s oy Zs) ~ (N2, AZ g g,y A2ZE)
forall A€ C and [\ =1.

Therefore, we prove that the spin polarization space for a
particle P with spin s is CP?!
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Quantum Entanglement Theory

Spin Polarization Space

» For a general quantum system with N particles with spin sy,
S, ..., and s,, we obtain that the quantum space (the total
spin polarization parameter space) is complex projective space
CP/~t with J = (251 + 1) x (25 + 1) x ... x (25, + 1).

» The classical space (the spin polarization parameter space for
classical theory) is the cartesian product of the complex
projective spaces CP?*! x CP?% x ... x CP?.

» In mathematics, the classical space is the (generalized) Segre
variety in the quantum space.

» The quantum entanglement space is the difference of these
two spaces: quantum space minus classical space.
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Quantum Entanglement Theory

Spin Polarization Space

» With the property of Cartesian product, we propose the
discriminants A;, which are degree 2 homogeneous and
holomorphic functions. Thus, the Number of Independent
Discriminants (NID) is

NID=J-1-> 25=T(2s5+1)-1-> 25 .

> We define the corresponding classical spaces as the
discriminant locus A = 0 for ff system, and the intersections
of the discriminant loci A; = 0 for all the other systems in the
quantum space.

» We define the quantum entanglement spaces as the quantum
space with A # 0 for ff system, and the quantum spaces
without the intersections of the discriminant loci A; = 0 for
all the other systems.
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Quantum Entanglement Theory

High Energy Physics

» For high energy physics experiments, we can reconstruct the
discriminants from various measurements, and probe the
quantum entanglement spaces at exact level.

» We can perform such kind of studies in some two-fermion
systems, but in general it might be very difficult.

» For classification, this kind of quantum entanglement search
can be defined as the fundamental approach, or say kinematic
approach.

P> To probe the quantum no-locality, we just consider the
space-like separated measurements.
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Quantum Entanglement Theory

High Energy Physics

» We shall study the discriminants in the ff, AA, Af, fff, and
ffA systems.

> To be general, we will not distinguish the fermion (f) and
anti-fermion (f).

» We only consider the massive gauge bosons since they need to
decay.
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» The most general polarization state of a two-fermion system
fif>» can be written as

fif) = > aglka®@l)s. Y laP=1.

kj=+1 kj=+1

> In the two-fermion system fify, the quantum space is CP3
with complex dimension 3, and the classical space is
CP! @ CP! with complex dimension 2. Thus, there is one
discriminant with complex dimension 1

A=aiia_ 1 _1—a1 _1a_11
272 20 2 27 2 272
> We can prove that the range of the discriminant A is
1 1
—— <A< -
2 2
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Quantum Entanglement Theory

The Two-Fermion fi, System

» The classical space is the discriminant locus A = 0 in
quantum space.

» The quantum entanglement space is the quantum space with
A #£0.

» We can reconstruct A from the collider experiments, for
example, the AA pair productions at the BES experiment.
Thus, we can probe the quantum entanglement space via the
fundamental approach.

» If the measurements are space-like separated, we can probe
the quantum non-locality as well.
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Quantum Entanglement Theory

The Two-Fermion f;f, System

> We study the relation between our discriminant criterion and

the Peres-Horodecki criterion 2.

» In the basis

(126 @136 1208 @1 = 36 =36 @136 - e @ = 3)a),
we obtain the spin density matrix.

» Taking partial transpose of p, i.e., the transposes of the four
2 x 2 sub-matrices of p, we obtain p'2.

2A. Peres, Phys. Rev. Lett. 77, 1413-1415 (1996) [arXiv:quant-ph/9604005 [quant-ph]]; P. Horodecki, Phys.
Lett. A 232, 333 (1997) [arXiv:quant-ph/9703004 [quant-ph]].
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» The original Peres-Horodecki criterion provides a sufficient
and necessary condition for classical space: p12 is positive
semi-definite.

» The four eigenvalues of pT2 are

1 1
_ - _ _ 2 - _ 2
A, |4, 2(1 V1 4|A|> , 2<1+«/1 4|A|> .

» The original Peres-Horodecki criterion for classical space is
A =0.

We prove that our criterion for classical space is equivalent
to the original Peres-Horodecki criterion.
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» Bell inequality is an equation which distinguishes the Bell
local quantum states (or general speaking Bell local states)
and the Bell non-local quantum states.

» For a bipartite qubit system, it is the
Clauser-Horne-Shimony-Holt (CHSH) inequality 3.

» Thus, we study the relation between our discriminant criterion
and the CHSH inequality.

» For simplicity, we consider the equivalent definition of the
CHSH inequality 4.

3J. F. Clauser, M. A. Horne, A. Shimony and R. A. Holt, Phys. Rev. Lett. 23, 880-884 (1969)

4R. Horodecki, P. Horodecki and M. Horodecki, Phys. Lett. A 200, no.5, 340-344 (1995).
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» If o are all real for real case, we obtain
Co=0C1=0C3=0C2=0.

» Defining the matrix C as the matrix with elements Cj;, we
obtain the eigenvalues of CTC

AM=1, d=X=4|A.
» Note that 0 < |A| < % the ranges of X2 3 are given by
0< )\2’3 <1.

» Thus, we obtain the Bell variable for the CHSH inequality

B=2\/1+4A]2.
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» Because 0 < |A| < % we prove

2<B<2V2.

» The CHSH inequality is B < 2, and thus for the Bell local
parameter space the CHSH inequality becomes the CHSH
criterion B =2, i.e., A = 0. The CHSH inequality is violated
if and only if B> 2, i.e., A #0.

» Thus, our discriminant criterion for classical space is the same
as the CHSH criterion for the Bell local parameter space, and
our discriminant criterion for quantum entanglement space is
the same as the CHSH criterion for the Bell non-local
parameter space.
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» Therefore, we prove that our classical space is the same as the
Bell local parameter space, and our quantum entanglement
space is the same as the Bell non-local parameter space.

» In particular, our quantum entanglement space is Bell
non-local in high energy physics.

» To distinguish the classical space and Bell local parameter
space, or distinguish the quantum entanglement space and
Bell non-local parameter space, we consider the Werner
states.

» Because our discriminant criterion is the same as the CHSH
criterion, we need to prove that the Werner state, which
satisfies the Peres-Horodecki criterion for quantum
entanglement space and the CHSH criterion for Bell local
parameter space, does not exist in our quantum entanglement
space.

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Two-Fermion f;f, System

The Werner states with a free parameter w for the spin density

matrix are
w0 0 0
0 Lw % 0 1
PW = 0 _% l-i—Tw 0 , WE _g’ 1
0 0 0 Lw
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» Using the Peres-Horodecki criterion, we can prove that the
Werner states are classical or separable for w < %, and
quantum entangled for w > %

» The Bell variable for the CHSH inequality for a Werner state

is 24/2 lw|, ie., B= 2v/2 |w|. And thus we can realize Bell
non-locality for w > %

» For the Werner states, the quantum entanglement range is

w € (%, 1], and the Bell non-locality range is w € <%, 1}.
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Quantum Entanglement Theory

The Two-Fermion f;f, System

» Comparing with our spin density matrix, we can easily show

that the Werner states with w € (% i} cannot be realized.

V2

> We can only achieve the Werner state with w = 1.

» We prove that the Werner state, which satisfies the
Peres-Horodecki criterion for quantum entanglement space
and the CHSH criterion for Bell local parameter space, does
not exist in our quantum entanglement space.

» By the way, if ay j are all real for real case, we obtain

B=2y/1+C3, .

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Two-Gauge Boson AA System

» The most general polarization state of a physical system with
two gauge bosons A; Ay can be written as

’A1A2> = Z aj,k‘j>A1 ® ‘k>A2 ) Z ‘O‘j,k‘z =1.
jk=1,0,—1 jk=1,0—1

P In the two-gauge boson system Aj; Ay, the quantum space is
CP® with complex dimension 8, and the classical space is
CP? @ CP? with complex dimension 4. Thus, there are four
independent discriminants with complex dimension 1.

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Two-Gauge Boson AA System

We define the general discriminants as

A1 = ay100,0 — 01,0001

Ay = ai100,-1 — 01,1001 5
Az =ajja-10—0100-11 ,
Ay =ajja1-1—01- 100171,
As =a_1 1000 — @_1000,-1 ,
Ag=a_1_10001 — 11001 ,
A7 =a 1 1010— 10011,
Ag = apoay,—1 — ap,—1010 ,

Ag = appa_1,1 — o110 -

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Two-Gauge Boson AA System

» We can prove that the ranges of the discriminants A; are

—

1
—— <A <=
2 72

» We can prove that the four independent discriminants can be
chosen as {A1, Ay, A3z, Ay}

» The classical space is the intersection of the discriminant loci
A; =0 in quantum space, and the quantum entanglement
space is the quantum space by removing the intersection of
the discriminant loci A; = 0, i.e., the quantum space minus
the classical space.

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Gauge Boson-Fermion Af System

» The most general polarization state of a physics system with
one gauge boson A and one fermion f can be written as

|Af) = Z Z%li ke, > > lajk

> In the Af system, the quantum space is CP°> with complex
dimension 5, and the classical space is CP? @ CP! with
complex dimension 3. Thus, there are two independent
discriminants with complex dimension 1.

» We define the general discriminants

Alzallao 1o 10
A2:a11a7177% —oy 1oy
A3:a01a_1’_1 —Qp 10 g1 .
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Quantum Entanglement Theory

The Gauge Boson-Fermion Af System

» we can prove that the ranges of the discriminants A; are

1
—ESA,'S

N

» The two independent discriminants can be chosen as
{A1, Ay}

» The classical space is the intersection of the discriminant loci
A; =0 in quantum space, and the quantum entanglement
space is the quantum space without the intersection of the
discriminant loci A; = 0, i.e., the quantum space minus the
classical space.

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Three Fermion fff System

» The most general polarization state of a physics system with
three fermions f1f>f3 can be written as

i) = > arla@ke® s, Y. lajrl=1.
Jk=£3 Jk =1

» In the physics system with three fermions fif>2f3, the quantum
space is CP’ with complex dimension 7, and the classical
space is CP! @ CP! ® CP! with complex dimension 3. Thus,
there are four independent discriminants with complex
dimension 1.

> The strategy to construct the discriminants of N + 1 particles
is that we fix the spin (helicity) of one particle and construct
the corresponding discriminants of N particles, thus, we have
N + 1 kinds. Next, we consider the new discriminants where
all the particles have different spins (helicities).

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The Three Fermion fff System

We define the general discriminants

Ar=o11100 1 1 —@11 100 11,
27272 27 27 2 2727 2 27 272
/
Al=a 11101 1 1—0 11 1001 11,
21222 2 27 2 2227 2 27 272
Ap=0ao11100 11 1 —@011 _100_ 111,
27272 227 2 2727 2 20272
!
Ab=0o1 11001 1 1—01 1 101 11,
27 272 2 27 2 2 27 2 27 272
Az=0ao111001 11 —Q01_1100 111,
27272 2 22 20 272 2722
/
A3=0o11 1001 1 1 —Q1 1 1011 1,
2727 2 20 27 2 27 27 2 227 2
Ag=0o111001 1 1 —@Q11 101 11,
27272 2 2 2 227 2 2 272
!
4=011100 1 1 1 —01 1100 11 1,
27272 2 27 2 2 272 227 2
14
4=Q1110_1 1 1 —Q 111001 1 _1
27272 2 27 2 27272 2 27 2
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Quantum Entanglement Theory

The Three Fermion fff System

» We can prove that the ranges of the discriminants A; are

1
—ESA,'S

N

» The four independent discriminants can be chosen as
{Aq1, Ay, A3, Ay}

» The classical space is the intersection of the discriminant loci
A; =0 in quantum space, and the quantum entanglement
space is the quantum space by removing the intersection of
the discriminant loci A; = 0, i.e., the quantum space minus
the classical space.
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Quantum Entanglement Theory

The System with Two Fermions and One Gauge Boson ffA

» The most general polarization state of a physics system with
two fermions and one gauge boson f;f,A can be written as

ARA) = > D alila®@ke®|Na,

1
Jk=%3 /=1,0,—1

Yo D lowl=

41 = _
Jk==£31=10,~1

» In the physics system with two fermions and one gauge boson
fihA, the quantum space is CP'! with complex dimension 11,
and the classical space is CP! @ CP* ® CP? with complex
dimension 4. Thus, there are seven independent discriminants
with complex dimension 1.

P> The strategy to construct the discriminants is similar to the
three fermion system.
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Quantum Entanglement Theory

The System with Two Fermions and One Gauge Boson ffA

We define the general discriminants

AL=04 110 10~ 40 4
R LIl SLL T
B2= 0y 104 31~ ¥ 1%,

B2 =0 10y 31T O30 s
A3 =04 100 4179419 Lo

A3 =0t 10033173310 Lo
Ba=04 410 4107 M Lo 1
R o i I LS SEER

Tianjun Li ITP-CAS



Quantum Entanglement Theory

The System with Two Fermions and One Gauge Boson ffA

2720
R e I TRl S EL S R O
Ao =04 10034171 1% L0
B6 =04 1003317 ¥ 319 Lo
A7=0Liad g L1~ La% g1
7 L300 450 T Y -30% L0
A e I i T
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Quantum Entanglement Theory

The System with Two Fermions and One Gauge Boson ffA

B31%-1-30 T 430%} b
R (I S TLE TR
R (e FEL SE TR
Bo=og a0 g 41— %1% L Lo
Bo =04 10 g4 17 4% 3 h1
9= O a0 4}l T O} A% g
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Quantum Entanglement Theory

> We can prove that the ranges of the discriminants A; are

P> The seven independent discriminants can be chosen as
{A1, Ay, As, A5, A7, Ag, Ag}.

» The classical space is the intersection of the discriminant loci
A; = 0 in quantum space, and the quantum entanglement
space is the quantum space without the intersection of the
discriminant loci A; =0, i.e., the quantum space minus the
classical space.

Tianjun Li ITP-CAS



Quantum Entanglement Theory

Quantum Entanglement Theory (QET)

» The criterion on the sufficient and necessary condition for
classical space might be only found for the simplest two
fermion system in 1996 or 1997, i.e., the original
Peres-Horodecki criterion 3, 32 or 33 years after Bell's original
paper. Thus, it might be a highly non-trivial problem.

» We propose the Quantum Entanglement Theory (QET), and

can achieve the criteria on the sufficient and necessary
conditions for any generic physics systems.

5A. Peres, Phys. Rev. Lett. 77, 1413-1415 (1996) [arXiv:quant-ph/9604005 [quant-ph]]; P. Horodecki, Phys.
Lett. A 232, 333 (1997) [arXiv:quant-ph/9703004 [quant-ph]].
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The Specific Approach or Decay Approach

Outline

The Specific Approach or Decay Approach
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The Specific Approach or Decay Approach

Theoretical framework: two-particle systems

Two-particle systems:

[AB) = > " ajlk)ali)e -
kj

» The existence of quantum entanglement (QE) is independent of the
choice of reference frame. So we adopt the center-of-mass (c.m.) frame
of the AB system for our analysis without loss of generality.

» The spin projection quantum numbers k for particle A and j for particle
B are defined along their respective momentum directions éa and ég.

Tianjun Li ITP-CAS



The Specific Approach or Decay Approach

Theoretical framework: two-particle systems

In the decay processes A+ A1 +Ax+...and B—B1+ By +...,
the angular distributions of the decay products A; and B; are
characterized in their respective parent rest frames using spherical
coordinates: (64, ¢4,) for A; in the A-rest frame, and (0p,, ¢5,) for
B; in the B-rest frame.

P> &4 and ég are used as the polar axes for 64, and 0p,, respectively.

» Azimuthal angle reference protocol:
-Construct orthogonal bases: Choose auxiliary axes &, and ég
orthogonal to é4 and ég, respectively
-Define zero azimuth: Align ¢4, = 0 with &, and ¢, = 0 with é3
-Angular measurement: ¢, /g € [0, 2] increases following the
right-handed coordinate system about é4/5

Tianjun Li ITP-CAS



The Specific Approach or Decay Approach

Theoretical framework: two-particle systems

Decay amplitudes:

M = (fafg|AB) = Zak,j<fA\k>A<fB|j>B ,

254+ 1 ks s
(falk)a = 1/Te(k Xa)éa, dk,Afo (0a,)Ha(As,)
. 258 +1 j-x s,
(foljye = || = — eV d%  (08,)He(\s)

> SA/B denote the spin quantum numbers of particles A/B. k/j represent the spin projection quantum
numbers along A/B’s momentum direction in the AB c.m. frame.

P We collectively denote the final-state particles as f4 = (A1, Az,...) and fg = (By, Bz, .. .). )\fA/B
encode polarization configurations: Af, = (Aag> Aags -+ ) Afg = (XBy> ABys -+ -) . where Ap; and
Ap; are spin projections defined relative to directions of (0ay, Pay) and (0p, , #p, ), respectively. The
helicity summation rules are defined as S\fA => Ag; and S\fB => AB;-

> Ha(Ar,)/Hg(Xfg) remains independent of both the angular variables (64, , 4,)/(05, » ¢5,) and the
parent particle spin projections k/j. The Wigner d-functions satisfy the normalization conditions:

2

2
1 s 2
deosOu (A (6 - / dcost dB ="
_/_1 A1 < k>)\fA( A1)> 2SA +1 B ( (%e,) 25g +1
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The Specific Approach or Decay Approach

Theoretical framework: two-particle systems

" = [ [ drsdr \MP = [ dr, [HaO)P [ d 1M

d’/TfA = dﬂ',/rAngﬁAldCOSGAl 5

dTrfB = dﬂ}qubBldCOSQBl .

» dr¢, and dmg, correspond to the phase space volume elements for the
decay products of particles A and B, respectively.

» [’ remains independent not only of the polarization coefficients ay j, but
also of the invariant mass squared s characterizing the AB system.
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The Specific Approach or Decay Approach

Theoretical framework: two-particle systems

Given that 04,, 0,, ¢4,, and ¢p, represent measurable quantities, they
naturally serve as building blocks for constructing composite observables
O(04,, 08y, Pay, 08,)-

(O(0ay, 08, ay, b5,)) = Z Ok,j:m«nak,ja*m,n .

k.j,m,n

(254 +1) (25 + 1)

2 1 2 1

O j; = w. / d / d cos 6 / d / d cos 0

k.jim,n Ton2 Afzxf Mo e \ o b, ) AL f, B, ) By
A" g

i(k—m)ba, ii—n)bg, Sa Sa Sg s,
O(0a,, 08, Pay> b8, )e le 1dk,ifA(GAl)dm,ifA(eAl)dj,XfB(GBl)dn,X,’B(GBl) )

2 2
Jdn, ‘HA()‘fA)‘ Jdng, ’HB()‘fB)‘
" ’ ’ 2 " ! ! ‘2
VL [Hax )| J dr [He (M)
Z W)\fAu/\fB =

Afa M fg

Tianjun Li ITP-CAS
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The Specific Approach or Decay Approach

Theoretical framework: two-particle systems

Some specific results:

(f(0ay, 08, )cos(dada, + ddp,))
(254 +1) (255 + 1)

8 kZ: (‘”J";MAJHB * ”“*"Avf*ds(“;i) N Z; App oA fg
i fa Mg
1 1 S S s S
A A (04)d B (0p,)dB . (6
(/_ldcoseA1 [ g0y 1On 080K @a), 5 Oa)L (0697, 5 (95))
(F(0a,> 0B, )sin(dada, + dsds,))
(254 +1) (255 + 1) . .
== kZ (ak‘J‘)‘kerA,HdB - ak+dA,j+dBak,j) N Z}\ WAty A g
2 o Mg
1 1
S, S, S, S,
dcos ) / dcosOp, f(Ba,,0p )d A (84, )d A « (0a,)d B (65)d B . (68)
<v/71 i [ deest, 10 0808 Oa)a,  @a)AR ©6)0F, 5 o,
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The Specific Approach or Decay Approach

Theoretical framework: multi-particle systems

Multi-particle systems:

PP Pu) = D aug ik k)ei ke, - TRy
ki, koo kyn

Z |ty koo /<,\,|2 =1.

ki koo kpy
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The Specific Approach or Decay Approach

Theoretical framework: multi-particle systems

Multi-particle systems:

» ki (i=1,2,...,N) denote spin projection quantum numbers for
respective particles P;, with quantization axes & aligned to each particle’s
momentum direction in the system’s c.m. frame.

» For each parent particle P;, we identify a corresponding daughter particle
D; within its decay final-state products. Within the rest frame of P;, the
momentum orientation of daughter particle D; is parameterized by polar
angle 0; and azimuthal angle ¢;.

» The polar angle 6; is defined with respect to the quantization axis &. The
azimuthal angle ¢; is established through the following coordinate
convention:

- Select an arbitrary fixed auxiliary axis &' orthogonal to &;

- Define the reference direction ¢; = 0 via &/

- The angular parameter ¢; € [0, 27] increases following the right-hand
rule about &
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The Specific Approach or Decay Approach

Theoretical framework: multi-particle

Any physical observable O(01, 05, ...,0n, 01, 02,...,0N)

constructed from angular parameters:
(O(01,02,...,0n, 1, b2, .-, dn))
Z O enik! k! K Oky kg, k a:/ W W
19K25 s KNGKY s Ky 5o Ky 20BN TRy kg sy
Ky kg kpy kg kG kpy
Yy (26, +1)
ky kg skpgik] ke kfy T (4m)N - e, ,A,«Pz ..... A X
Afp s Afp oo Afp N
1 P2 N
27 w 1 27 1
/ dqbl/ dc0591/ d¢2/ dC0592.../ dd)N/ dcos Oy
0 -1 0 —1
. ’ . ’ ; ’
0(91;92,~~,0N’¢1,¢2,~-~,¢N)el(klikl)¢lel(k27k2)¢2~~- I(kNikN)¢N><
Sp. Sp.
L end L (004, 4
1> p. 1°

S, S,
(02)d 72 (8,)...d "N
ky, X kb, X
2:Mp,

Sp,
BT N L S /0
2 FPZ N> fPN N’ r'PN
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The Specific Approach or Decay Approach

Theoretical framework: multi-particle systems

2
Y
[T S df, [He, Ov)

Hp. (M}
P,(/\fP’_)

2
N
AL Py (Hle fd"ép_ ) )
Py i

oy
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The Specific Approach or Decay Approach

Theoretical framework: multi-particle systems

Some epecific results:

N Y, (25p, +1
<f(91,92, ..., 0y)cos (Z d,-¢,>> - %x
i=1

" "
> (Okl.kQ ..... Ky kg +dy ko t+dy, .. ky+dy T Chytdykotdy, . ky+dy Qky kg kN) x

Ky ok skpy
1 1 1
WAL, Mgy s Ay </ dcosGl/ dcos«92.../ dcosOyf(01,02,...,0N)
PPN A 1 P2 v\ =1 -1 -1
fpy 2Py My
Sp. Sp. Sp, Sp, Sp Sp
d. % (60d 1o (00)d % (62)d 2 (82)...d M (on)d, N o (6n) ) .
k1, Af, ky+dy, Af, k2, A f, kptdo, Af, N>Af NN, AR,
Py P P2 P2 Pn Pn
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The Specific Approach or Decay Approach

Theoretical framework: multi-particle systems

Some epecific results:

N l_[N:1 25P- +1
<f(91, 02,...,0y)sin (Z di¢’/‘> > = %X
i=1

" *
Z (akl,kz,...,kN%ﬁdl,k2+d2,,.,,k,\,+d,\, - D‘k1+d1.k2+d2,---,kN+dND‘k1,k27...,kN> x

Ky yko e skpy
1 1 1
WALy Afp s Ay </ dcosGl/ dcos«92.../ dcosOyf(01,02,...,0N)
Ao s Afy seesA 1 2 N -1 /-1 -1
fpy 2Py ey
Sp. Sp. Sp, Sp, Sp Sp
d 't (60d 1o (B0)d K (62)d 2 (82)...d N (n)d N o (6n)
kA fp ktdn A k2 Afp, 2+ A pp, N o NN A
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The Specific Approach or Decay Approach

The polarization state of tt:

[t = > awylk)elie -

kj=t3

» For a given production channel, described as initial states — tt, we define
the amplitude of producing the tt pair in the state |k)¢|j)z as M.

» The coefficients i, j can be calculated using the expression

iy =M/ | D Ml
kij=%1

» The Sufficient and Necessary Condition for indicating QE in the tt
system:

#£0.

[N
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The Specific Approach or Decay Approach

tt: observable |

The decay processes of t — e* +v.+band t — e + e+ b
after the production of on-shell t and ¢:

e+ . (06+,¢e+) 5 e (067,(]56.7) .

» Observable I: D = —3 - (cos g+ )

cos Be+e, = — cos 96+ cos 967 + sin 98+ sin Ge, cos <¢e+ + ¢e*) ,

1
(cos 0+ —) :g (

Observables  Quantum Range Classical Range criteria for entanglement
D (-1,1/3] [-1/3,1/3] [-1,-1/3)
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The Specific Approach or Decay Approach

tt: observable |

The LO results at the e"e™ collider satisfy the relation

2 2 1
ap 1= 11, ’0‘1 1 :'a_; _i| =5
22 2 2 2°2 2 2 4
N e'+e st at s=360 GeV
e'+e steTat s =360 Gev
ot
% oo
e
ém o
0
i T 70
cos6, cos6;
Flgure: The LO predictionsof |1 1o« 1 1 —a1 1a 1 1]and D= —3-(cos GeJre,) for tt pairs
22 T272 2073 T332

produced at an ete™ collider operating at a c.m. energy of \/s = 360 GeV. Here, 6; denotes the polar angle of
the top quark t in the laboratory frame. The symbols )\ei represent the helicities of the et and e~ beams,

defined along their respective momentum directions in the laboratory frame.

Tianjun Li ITP-CAS



The Specific Approach or Decay Approach

tt: observable Il

(cos (601 — 8, )) = = (a_ 1) D' = 2 teos (60— 6,2 )) -

o)

Observables  Quantum Range Classical Range criteria for entanglement
D/ [_171] [_1/27 1/2] [_17_%)U(%71]

&' +e stel at Vs =2m,

&' +e™>t+F at Vs =360 GeV o' +e ot at Vs =3m,

cosé; cosé;

FIng r€: The LO predictions of D’ = 3—22 (cos (¢e+ — b )) for tf pairs produced at e*e™ collider with

s
/s = 2my, 360 GeV, and 3my, respectively. The angle 6; represents the polar angle of the top quark t in the
laboratory frame. The symbols ’\ei indicate the helicities of the et and e~ beams, defined along their respective

momentum directions in the laboratory frame.
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The Specific Approach or Decay Approach

tt: observable IlI

D" = 8(sin0 sin® __ cos ((15 + ¢ )) =«
5 et e et e= )/

Observables  Quantum Range Classical Range  criteria for entanglement
DH [_171] [_1/27 1/2] [_17_%)U(%71]

» Within the SM at e"e™ colliders, we obtain

2

11 =—x_1 _ -1 _ =
202 2

2 1
, ‘a =’a <Z:>D”€[—%,O).

1 11 1 _1
2 272 20 2

» Considering beyond-Standard-Model scenarios with a Higgs-like particle
exhibiting Yukawa coupling:

o« h'tt .
Direct calculation reveals that tt pairs from h’ — t + t decays satisfy
2 1

« =

”O‘ 2"

:’a

_1_
3

(NI

11
272

Nl

1
L
For such h’-mediated tt production, we obtain D" = —1.
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The Specific Approach or Decay Approach

7T77: observable |

The decay processes of 77 — e™ + v + 7, and
T~ — e + e + v, after the production of on-shell 71 and 7:

e+ . (0e+a¢e+) . e (ee*7¢e*) .

» Observable I:
€0s 04— =—cosO.+ cosB,— +sinb+ sinb,— cos (pe+ + P ) ,

<C°50e+e*>:O'01254 (|O¢%% +|O¢_%#_%‘ — O(%’_% 7|()¢_%,%

=0.01254 x (—1) .
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The Specific Approach or Decay Approach

observable I

1
cos — ¢ = 0.03426 | a} +a a” ) s D', _ = ——(cos — ¢ _ .
(cos (e = 9= )) ( A T B T R T T 0.03426 ¢ (6+ = 2= )

Observables  Quantum Range Classical Range criteria for entanglement
D/+ — [_171] [_1/27 1/2] [_17_%)U(%71]

TTT

e'+e 1+ atys=2m, e'+e T+ ats=2.1m, e'+e o1 +1 at Vs =3m,

0 5 00 05 0 10 5 00 05 00
cos6r- cos6r- cos6r-

FIgU Fe. The LO predictions of D;_+7_7 = (cos (¢e+ — b — ))/0.03426 for 7+ 7 pairs produced at et e
collider with /s = 2m,, 2.1m,, and 3m, respectively. The angle 97__ represents the polar angle of 77 in the

laboratory frame. The symbols )\Ei indicate the helicities of the e* and e~ beams, defined along their respective

momentum directions in the laboratory frame.
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The Specific Approach or Decay Approach

W~WT: observable |

The decay processes of W~ — e~ + ¥ and W+ — e™ + v, after the
production of on-shell W~ and W*:

e (He*7¢e*) 5 e+ . (95+7¢e+) .

» Observable I:
cos 9€+e_ =— cos 9€+ cos Ge, + sin 9e+ sin Ge_ cos (¢e+ + ¢e_) s
1 2 2 2 2
(cos O, +) =% (\ﬂfl,fl‘ +laral® = a1 = Jeq, 1" =1, 105 — agealy

* * * * * *
TAL1%0,0 T 0,0971,1 T ¥—1,0%0,1 T ¥0,1¥_10 — X0,—-1% 0 — ¥1,0%, 1) -

Observables  Quantum Range Classical Range criteria for entanglement
<C050e*e+> [_1/4a 1/2] [_1/47 1/4] (1/471/2]
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The Specific Approach or Decay Approach

W~WT: observable |

h'->w +w*

e*+e" W +W* at4/ s =360 GeV

bt
A=t Age=-

<C086,- >

200 250 300 350 400
00 o5 o
cosBu- mplGeV

Figure: Left: The LO predictions of {cosf.-+) for the W~ W™ pair
produced at eTe™ collider with /s = 360 GeV. The angle 6\, -
represents the polar angle of W™~ in the laboratory frame. The symbols
et indicate the helicities of the e™ and e~ beams, defined along their
respective momentum directions in the laboratory frame. Right: The LO
predictions of (cosf,-.+) for the W~ W™ pair produced from h’ decay
(oc gt W W,H).
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The Specific Approach or Decay Approach

W~WT: observable Il

1 % *
(cos (2¢pet — 2¢—)) = 3 (0471,10!1,—1 + 061,7105—1,1) )
Diy-w+ = 8(cos (2¢e+ — 2¢.-))

Observables  Quantum Range Classical Range criteria for entanglement

{/V*WJr [_171] [_1/27 1/2] [_17_%)U(%71]
AN P gl O\ ot <.

FIgU Fe: The LO predictions of DIW* wt = 8(cos (2¢e+ — 2¢e,)> for W W™ pairs produced at ete™
collider with /s = 2myy, 2.1myy GeV, and 3my, respectively. The angle GW* represents the polar angle of the
top quark W™ in the laboratory frame. The symbols Aei indicate the helicities of the e™ and e~ beams, defined
along their respective momentum directions in the laboratory frame.
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The Specific Approach or Decay Approach

The decay processes of W~ — e~ + . and t — W™ + b after the production
of on-shell W™ and t:

e : (ee*’(;se*) ) W+ : (0W+7¢W+) .

» Observable:

<:0.<,<9E,W4r =—cos 0+ cosGe, +5sin 6,4 sin Ge, cos (<bW+ + ¢e*) s
2 2 2 2
(cos 6, 4+ ) =0.0658 x (\ail‘il\ tlop 1" =la_ 11" = o 1]
2 2 2 2
+\/§(a 1] +a, 1a” 1 ta 10l ] +a;, 1a’ 1))
“L=3 05 053 ~L-3 T0-3 L3 L3 0-3/)"

Dy, —, =(cos0,_ .+ )/0.0658 .

Observables  Quantum Range Classical Range criteria for entanglement
D(/V*t [_172] [_171] (172]
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The Specific Approach or Decay Approach

Supposing a BSM bottom-like quark, denoted as b’, the interaction of b’ with
the W boson and the top quark t is analogous to that of the SM bottom quark
b: o< WS t4"b[ + h.c.

Diyrfor > W stwith Ay= Dy for > W™ stwith Ay=-%

bW+t

c0s6u-

cosOu-

300 400 500 600 700

&0 700

a0 w00 w00
my/GeV mylGeV

Y e
FIgU I€. Left and middle: The LO predictions of Dll/l/—z = (cos O, )+ )/0.0658 for the W™ t pair produced
by b’ decay. Here, GW, represents the angle between the momentum direction of the W™ in the b’ rest frame
and the direction of b’ motion in the laboratory frame. The symbols Ay denote the helicities of b’, defined along
the momentum direction of b’ in the laboratory frame. Right: The LO predictions of

DCV* .= (cos Be, wH+ }/0.0658 for the W ™t produced by b’ decay, averaged over cos GW, .
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The Specific Approach or Decay Approach

For the decay process t; — W™ + b; for each top quark (i = 1,2,3), we define

the spherical coordinates (0;, ¢;) for the W,* momentum direction in respective
t; rest frames. The momentum unit vectors are expressed as

&+ = (sinb; cos ¢, sin 0; sin ¢;, cos 6;) .
1
The triple product correlation observable:

e . xé +>~é "
<W1 Wy W3

sin 61 sin 63 cos 03 sin(¢1 — ¢) — sin O sin O3 cos 07 sin(¢pa — ¢3) — sin O3 sin O cos O3 sin(Pp3 — ¢1)
=0.004557 i x (

* «

11711 1 1119 11 _1+te_ 1 _11a1 1 1@ 1 1141 1 _1
272 2°2 2 222 22 2 20 2'2 22202 2> 22 2" 2 2

—a_11 141 1 _1ta_ 131 141 1 1t 1111 11 & 11 1®1 11

22 2 222 22> 2 2 2 2 22’2 2 22 2°2°2 20 22

* * . "

—o_ 11111 1te’jig1oe1 1 1 tor 11011 1 ol 11011 1),

222 2°2' 2 2°2°2 2’27 2 2> 22 2°2° 2 2> 2'2 22 2
’
D3t:<
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The Specific Approach or Decay Approach

Observables Quantum Range Classical Range criteria for entanglement

D3, [-v3,v3] [-1/2,1/2] [v3-1)u(3.V3]
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Approach or Decay Approach

Considering the decay channels t — W1 b, T — Wb, and W~ — e~ e, we analyze the angular correlations
of final-state particles (W+, W™, and e ™) in their respective parent particle rest frames.

it = (sin 01 cos ¢1, sin 61 sin ¢1, cos 7)) , éW* = (sin 0 cos ¢2, sin 63 sin ¢7, cos 0) ,

é,_ = (sin 03 cos ¢3, sin O3 sin ¢3, cos 03) .

The triple product correlation observable:

(éw+ x éw,) e
= — sin 01 sin 63 cos 03 sin(¢p1 — ¢2) — sin O sin O3 cos O sin(py — P3) — sin O3 sin 01 cos O sin(p3 — 1)
=0.0122433 j x (

X " “ X
o1 1% 11 ,tel1 10 11 ;- o 1 1,0 11 ,tal1 1, 11,
PR N 22 272 22 272 22 272 22
. X . .
ta_1 1401 1 -a"1 g1 1 —V2a_ 11 el 1 +V2eT11 er 1
20 2 20 2 2 27 20 2 227 2 27 2°2° 2 2
N . . .
ta_1 1,01 1.-a"1 gie1 1 +V2a_ 110l 1, —-V2a"1 g a1 1,
20 2 20 2 20 2 2 2 2727 20 2 22 20 27
.
—o_11001 1 a
$.40%1.1,
.
11,21 1,ta
2°2° 2°2
D’ ={(&,+ x
ttw— — w+
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The Specific Approach or Decay Approach

ttW—

Observables Quantum Range Classical Range criteria for entanglement

D3, [-2,2] [*\@/2, \@/2] [—2,772) U (7272]
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The Specific Approach or Decay Approach

AN

arXiv:2505.09931

» The weak decay processes:
Asp+n, Aop+nat.
» The relevant couplings:
W, B (gvy" + ga"vs) A+ Wi A (guy" + 84" vs) p
o W, 9"n" +H.C. .

The independent coupling parameters gy, ga and gy, g4 allow for
potential CP-violating effects.
» In the rest frames of A and A, the polar angle distributions of final-state p
and p satisfy
1 dr/\~>p+7r*
M—pin— dcosOp

= %(1+a/\c050p) ,

1 drl_\~>f_)+7rJr

1
= — 1 _ 6— ]
MApin+ dcostp 2( + aj cos 05)
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The Specific Approach or Decay Approach

AA: decay processes

We parameterize the momentum directions of p in the A rest frame and p in
the A rest frame using spherical coordinates:

p: (01,¢1) — & = (sin 01 cos ¢1, sin Oy sin ¢, cosb1) ,

P (02, ¢2) — & = (sin B2 cos ¢, sin B2 sin ¢, cos ) .

» The polar angles ¢; and 0 are defined with respect to the A momentum
direction &, in the AA center-of-mass (c.m.) frame.

» The azimuthal angles ¢1 and ¢» are measured from an arbitrary reference
axis orthogonal to &y, increasing in the right-handed screw direction
about é with ¢ € [0, 27].

» We define the opening angle 6,5 between the proton momenta as:

cosBp5 = &, - & = cos b1 cos > + sin 61 sin 6, cos(dr — ¢2) .
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The Specific Approach or Decay Approach

AA: decay processes

Helicity amplitudes:
L
V2

(B lija = —ze U o\ (m = 02)Ha (V) -

(p.m [k)n = —==eCUG2 (B1)HA(N) ,

> k/j represent the spin projection quantum numbers along the momentum
direction of A/A in the AA c.m. frame.

> X, and A (M, A5 = i%) are spin projections of p and p defined relative
to directions of &, and &, respectively.

» Ha(Ap)/Hz(A5) remain independent of both the angular variables
(601, ¢1)/(02, ¢2) and the parent particle spin projections k/j.

» The Wigner d-functions are

di2(0)=d"? ()= cos | d’? (0) = —dY? (0) = 6in ¥
272 2 2>

1 1
-3 2 22 3 2
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The Specific Approach or Decay Approach

AA: observables

For any physical observable O(61, 02, ¢1, ¢») constructed from angular
variables, its statistical average can be expressed as:

(O(61,02, ¢1, ¢2)) = Z Ok jimn Otk jQm - (2)

k.j,m,n

1 27 "1 27 "1 deosd
Oy = ~ d d cos 6 / d / cos
kjim.n =73 Z WAP,AP/O b1 /71 A b2 » 2

Ao Ap

001,02, 61, 62)e MDY (01)d /3 (02)d32 (7w — 62)0)° (w—ez))

[HA W) [* [HR ()

2
S [AOD] [H3H)

WAP’)‘;? = ‘2 N
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The Specific Approach or Decay Approach

AA: observables

»  The hyperon decay parameters:

a0 = [

)+ s D

P The weight factors:

1
= 1(1 —uiop)(1 — mag), u,up==+1.

s
s
s
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The Specific Approach or Decay Approach

AA: observables

1 2 2 2 2
Oo = (cosbp5)/ —ganCA :’a%’% —l—’a_%’_% —’a%,_% —’a_%,% ,
+2a 1 1011 +2a1 1071 1,
27 2 22 272 20 2
2
™ * *
O1 = {cos(¢p1 +¢2)>/< 3—204/\04/\) =a_j101 1 +a%77%a7%’% ,
2
* *
O = (cos(dr — ¢2))/ ( 3*20“\04/\) R S UL LR R
w° 1
* *
<S'“(¢1+¢2)>/< ;TQO‘AO‘A) =7 (ampa0iy —apgatyy)
2
. ™ 1 x * )
= {sin(ér - @W( 3*2“““) =7 (amgmpely—agaly oy
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The Specific Approach or Decay Approach

AA: observables

Observables Quantum Ranges Classical Ranges criteria for entanglement

[ —1,3 —1,1] @3]

o) —1,1 —1/2,1/2] [-1,-1/2) U (1/2,1]
O, —1,1 —1/2,1/2] [-1,-1/2) U (1/2,1]
O3 —1,1 —1/2,1/2] [-1,-1/2) U (1/2,1]
o) —1,1 —1/2,1/2] [-1,-1/2) U (1/2,1]

Tianjun Li ITP-CAS



The Specific Approach or Decay Approach

AA: production

©o

¢e

Figure: The processes of ~
et+e = J/p—=>N—=p+7 )+ N—p+7t).
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The Specific Approach or Decay Approach

AA: production

» The J/y — AN interaction is conventionally parameterized as:

2m
ﬁ(GM Ge) (py PK)) A

Ge/Gm = Re™? .

W/_\ (GM'Y +

» In the J/v rest frame, the A polar angle distribution follows:

1 dr’l/)*)/\‘#/_\ _ 1
My—nrh dcosOp 2+ %ow

(1 + avy cos’ 9/\) .
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The Specific Approach or Decay Approach

production

> For the J/1 — A + A process, we derive:

P(As” <0) =,/1— 4my/m3 .

This result implies that 69.3% of the decay events involving A — p + 7~
and A — p+ m" are spacelike-separated.

» For AA pairs produced through et 4+ e~ — J/¢» — A + A, theoretical
calculations under decoherence-free conditions yield:

l—ay 1-—-cos’O) ltay _ isg
“: 4 1+ aypcos?On \1— ay '
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The Specific Approach or Decay Approach

AN: measurements

The complete angular distribution for the cascade decay of
et te 2 J o> N—=p+r )+ A= p+7T):
W=To+ ayTs

+ anoi (7'1 + mcosm@ﬁ + %73)
+ MSin(Aqﬁ) (anTz + o3 Ta)

where
To=1,
T1 = sin 03 sin 61 sin 6> cos ¢1cos ¢ + cos® G cos 0y cos b |
T2 = sin O cos O (sin 01 cos 6> cos ¢1 + cos b1 sin 6, cos ¢2)
T3 = sin Op cos Op sin 01 sin ¢1
Ta = sinOp cos O sin G2 sin @2
Ts = cos® Op ,

.2 . . . .
T6 = cos 61 cos 2 — sin” O sin 61 sin 02 sin ¢1 sin ¢ .
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AN: measurements

(O(01, 02, ¢1, P2)) /0 01,02, d1,¢2) W dQ, dQp |

N = /W de dQﬁ , dQP/ﬁ = dC0591/2d¢1/2 .

» This leads to the observables:
OO =-1 ;

cos? Op

1
(@] 1 —_
1= ( +a¢)1+a¢cos20/\

1 cos? 0,
Oz = - 2( )1+a¢cos29/\
0O3=0,

Os=0.

» o, O3, and Oy all do not violate their respective separable state
boundaries, thus can not demonstrate quantum entanglement in NA.

Tianjun Li ITP-CAS



The Specific Approach or Decay Approach

AAN: measuremen

e*+e I Y- N(-p+1T )+ N(-P+7T)

Observables

nﬁ““"’e" =0.4748 +0.0022 +0.0031

1.0

-10 05 00
cosfp

Figure: The ©; = (cos(¢1 + 2))/ <7%aw,—\) and Oy = (cos(é1 — )/ (773"—2211/\0(7\) for AR

pairs produced at e e collider by using a%bse”’e" = 0.4748 £ 0.0022 + 0.0031 from the BESIII experiment.

The solid lines are given by the central value of a%bse”’ed, while the shaded bands correspond to the 50 confidence

region of o Observed
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Summary

» We propose a new formalism for quantum entanglement, and
study its generic searches at the colliders.

> We show that the quantum space is complex projective space,
and the classical space is the cartesian product of the complex
projective spaces, which can be defined in the quantum spacce
via the discriminant loci. Thus, the quantum entanglement
space is the difference of these two spaces and can be define
exactly.

» We can reconstruct the discriminants from various
measurements at high energy physics experiments, and probe
the quantum entanglement spaces via a fundamental
approach at exact level.
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Summary

» For the specific approach, we propose a generic method to
calculate the quantum range and classical range for the
expectation value of any physics observable, and can probe
the quantum entanglement ranges which the previous ways
cannot.

» We define the quantum non-locality tests as the tests for
quantum entanglement space via the space-like separated
measurements, which can be done at colliders as well.
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Thank You Very Much
for Your Attention!
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No-Go Theorem for Collider Physics

» No-Go Theorem for collider physics ©.

» Choose a proper process, and rule out the Local Hidden
Variable Theories (LHVTs).

» Choose another process, and measure the overall constant
from QFT calculations. Point: avoid a circular argument.

» Munchhausen trilemma in philosophy: a circular argument, an
infinite regression, and dogmatism.
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M. Fabbrichesi, R. Floreanini and L. Marzola, [arXiv:2503.18535 [quant-ph]]; P. Bechtle, C. Breuning,
H. K. Dreiner and C. Duhr, [arXiv:2507.15947 [hep-ph]]; S. A. Abel, H. K. Dreiner, R. Sengupta and L. Ubaldi,
[arXiv:2507.15949 [hep-ph]].

Tianjun Li ITP-CAS



	Introduction
	Quantum Entanglement Theory
	The Specific Approach or Decay Approach

