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“It From Qubits” : What does Entanglement Probe ?
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• Operator forms are bounded by Symmetry :   
• Wilson Coefficients are matched by Experiments 

G 𝒪̂ → g−1𝒪̂g, g ∈ G
cn (μ)

Entanglement Entropy (EE) in Parameter Space

Ab initio Parameter Constraints ?

……

[J. Thaler et al., arXiv:2410.23343] 
[Q. Liu et al., arXiv:2509.12851] 

……

[Q.-H Cao et al., arXiv:2211.08065] 
[R. Aoude  et al., arXiv:2402.16956] 
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FIG. 1: Feynman diagram for electron-positron scattering into a muon-antimuon pair at tree level.

where here the subscript in the right-hand side indicates the incoming helicities, and the kets in the left-hand side
indicate the values of the outgoing ones.

III. MAXENT GENERATION IN QED

Let us start our discussion with the analysis of how entanglement is generated in electron-positron annihilation
into a muon-antimuon pair, e�e+ ! µ

�
µ
+, described at tree level in QED by a single s-channel diagram (Fig. 1).

In order to analyze entanglement, it is necessary to retain all the helicities in the calculation. As in the rest of this
paper, we will work on the center-of-mass frame.

It is convenient to first focus on the current generated at the interaction vertices. If the incoming particles propagate
along the z-direction, the incoming current associated to two incoming particles in a RL helicity product state will be
v̄"�

µ
u" = 2p0(0, 1, i, 0), where p0 is the electron’s energy. The outgoing particles will then be described by a current as

a function of ✓, the scattering angle. As shown in appendix A, we find that at high energies the leading contribution
only appears for incoming RL (and LR) helicities,

MRL ⇠ (1 + cos ✓)|RLi+ (�1 + cos ✓)|LRi (4)

up to a prefactor which is not relevant here. Therefore, for a scattering angle ✓ = ⇡/2 the final state becomes
maximally entangled and proportional to |RLi � |LRi, with �RL = 1. This result illustrates how MaxEnt can be
generated in a high-energy scattering process. While scattering amplitudes in general carry a non-trivial angular
dependence, it is always possible to perform the measurement in the specific direction where MaxEnt is obtained, not
unlike the way maximally entangled states are obtained in quantum optics by parametric down conversion. Let us
also note that the dominant terms in the e

�
e
+
! µ

�
µ
+ scattering at high energies are easily described by chirality

conservation. This is not the case at lower energies, where the emergence of entanglement is more complex.
For incoming particles in the RR helicity product state, all terms in the amplitude are suppressed by a power of

p0 as compared to the RL case. Nevertheless, MaxEnt is found for every angle ✓ and incoming momenta p
0. An

experiment that prepares RR incoming states will therefore always result in MaxEnt.
It is instructive to revisit the computation of the RL case focusing on the currents associated to the virtual photon.

The incoming current (in the z-direction) corresponds to jµ (RL)
in = 2p0(0, 1, i, 0), and at high energies the non-vanishing

outgoing currents at ✓ = ⇡/2 read j
µ (RL)
out = 2p0(0, 0,�i,�1) and j

µ (LR)
out = 2p0(0, 0, i,�1). Thus the third component

of jin carries equal overlap (with di↵erent sign) of the two possible helicity combinations for the outgoing state. In
a sense, the photon cannot distinguish between those two options. This is the basic element that leads to MaxEnt
generation in s-channel processes.

Entanglement can also be generated in QED through a completely di↵erent mechanism. Let us consider Møller
(electron-electron elastic) scattering, which receives contributions only from t- and u-channel diagrams (Fig. 2). For
this process, the computation of the amplitude shows that no entanglement is generated at high energies within
each t or u channel separately, and that the only entangled state is produced by their superposition, resulting in
MRL ⇠ (t/u)|LRi � (u/t)|RLi , leading to a concurrence

�RL
p0!1
����! 2

u
2
t
2

u4 + t4

t=u
��! 1 . (5)

Therefore, MaxEnt (�RL = 1) is realized when t = u, which corresponds again to the scattering angle ✓ = ⇡/2. The
indistinguishability of u and t histories is now at the heart of entanglement. This also implies that entanglement will
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FIG. 1: The s/t/u-channel Feynman diagrams for charged
lepton scatterings in the SM.

STABILIZER RÉNYI ENTROPY

Characeterizing and quantifying the magic has become
an important topic in quantum computation [30–37].
Here we provide a lightning review. More detailed discus-
sions can be found in Refs. [37, 38]. Among the several
measures of magic, the stabilizer Rényi entropy (SRE)
[37] has gained popularity due to its ease to implement
and being measurable in experiments [39, 40]. The SRE
was originally proposed for qubits and has since been
generalized to qudits [41].

Let Pn be the set of n-qubit Pauli strings,

Pn = {P1 → P2 → · · ·→ Pn} , Pi ↑ {I,X, Y, Z} , (1)

where I = ω0, X = ω1, Y = ω2 and Z = ω3. Given a
pure quantum state |ε↓, the SRE of order ϑ is defined as

Mω (|ε↓) =
1

1↔ ϑ
log

∑

P→Pn

1

d
↗ε|P |ε↓2ω , (2)

where d = 2n is the dimensionality of the n-qubit Hilbert
space. For a stabilizer state there exist d mutually com-
muting Pauli strings for which ↗ε|P |ε↓2 = ±1 and van-
ishes otherwise. The SRE is defined such that Mω = 0
for a stabilizer state. For a product state the SRE is
additive: Mω (|ε↓ → |ϖ↓) = Mω (|ε↓) + Mω (|ϖ↓). For a
non-stabilizer state, Mω > 0. In the following, we focus
on two-qubit systems, d = 4, and choose ϑ = 2,

M2(|ε↓) = ↔ log
∑

P→P2

1

4
↗ε|P |ε↓4 . (3)

In quantum resource theory the SRE with ϑ ↘ 2 has
also been shown to be a good quantitative measure of
the quantum resource [42–45]. Moreover, the maximum
of M2 for two-qubit states is shown to be [24]

M2 ≃ log
16

7
⇐ 0.827 . (4)

Basic forces in nature do not seem to generate states with
the maximal magic easily in 2-to-2 scatterings [26, 27].
By contrast, maximally entangled states are produced
abundantly in high energy scattering processes.

An important property of the SRE is that it is in-
variant under Cli!ord operations: |ε↓ ⇒ C|ε↓, where

C ↑ {Hadamard,Phase,CNOT}. This is intimately
connected to the Gottesman-Knill theorem [2–4] which
states that a quantum computation can be simulated ef-
ficiently in the computational basis using classical algo-
rithms if the operation and measurement involve only
the Cli!ord gates. Under these conditions some highly
entangled quantum states would not provide quantum
speedup over classical algorithms. In addition, Cli!ord
gates alone are not su”cient for universal quantum com-
putation, which requires a non-Cli!ord T-gate or, equiv-
alently, magic states [5].

THE WEAK MIXING ANGLE

The electroweak sector of the SM is based on the
gauge symmetry SU(2)L⇑U(1)Y with the gauge coupling
strengths g and g↑, respectively. Upon spontaneous sym-
metry breaking, only the U(1)em subgroup remains un-
broken, which describes the electromagnetic force. The
corresponding massless gauge boson is the photon Aµ.
Then the SU(2)L⇑U(1)Y gauge couplings {g, g↑} can be
rewritten as the weak mixing angle sW and the positron
electric charge e:

sW =
g↑√

g2 + g↑ 2
, (5)

e =
gg↑√

g2 + g↑ 2
= gsW , (6)

The weak mixing angle also describes the rotation of the
neutral gauge bosons from the gauge eigenstate (W 3, B)
to the mass eigenstate (Z,A):

(
Z
A

)
=

(
cW ↔sW
sW cW

)(
W 3

B

)
. (7)

The photon coupling to the charged fermion is

LAf̄f = ↔eQf f̄ϱ
µf Aµ , (8)

where Qf is the electric charge of the fermion in unit of
e. In the broken sector the massive gauge bosons are W±

µ

and Zµ, with masses mW = 80.4 GeV and mZ = 91.2
GeV. The Z coupling to the fermion is

LZf̄f = ↔ e

2sW cW
f̄ϱµ(gεV ↔ gεAϱ

5)f Zµ , (9)

where

gεV = T f
3 ↔ 2Qf s

2
W , gεA = T f

3 . (10)

For charged leptons T ε
3 = ↔1/2 and Qε = ↔1.

Beyond the leading order in perturbation, quantum
e!ects introduce a logarithmic scale dependence in the
gauge coupling constants through the procedure of renor-
malization. In the modified minimal subtraction (MS)

Liu, Low, Yin, 2509.18251

SRE (magic) minimization 
in Møller scattering 

• Two independent QI probes, different bases, different initial states 
• Different physical quantities (entanglement vs. magic)

Why do they point to the same number?

   A puzzle to us



Revisit Electroweak Symmetry Breaking From EE
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• Weak mixing angle  determines EWSB direction 

• Scattering across EWSB depends on 
s2
W

s2
W

How does Entanglement vary across EWSB ?



Rényi Mutual Information (RMI) as a probe of EWSB
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[Q.-H Cao et al., arXiv:2605.22070]

•  is encoded in the chiral couplings in   
• RMI is extracted from  elastic scattering

s2
W f̄fV

2 → 2

 Capture entanglement variation across EWSB 𝜟𝑰



6

Quantum resources of spin systems is characterized by Non-Stabilizerness

Clifford Group as normalizer of Pauli Group Stabilizer states can be classically simulated 
(Gottesman-Knill)

SRE: Rényi Entropy of normalized distribution

Non-Stabilizerness of Unitary  (e.g., scattering amplitude)𝑈

Global Resources: Stabilizer Rényi Entropy (SRE)



RMI vs SRE: Different Kinematics
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  RMI (helicity basis) 
• No preferred scattering angle 
• Decoherence at  
• Initial:  (maximal mixture ) 
• Trace-type measure

θ → 0
ρ(in) = 1/4

  SRE (fixed beam basis) 
• Prefers  
• Similar to concurrence 
• Initial: 60 stabilizer states 
• Spherical 2-design

θ = π/2



Mass Insertion as Chirality Flip: Gate Correspondence
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Yukawa Interaction  is equivalent to  gate in Scattering( ∝ 𝑚𝑓) −i𝑌



Dominate Gate in EWSB : Reduced SRE
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SRE: Rényi Entropy of normalized distribution

 is the Pauli string operator defined along fixed beam basis𝒫𝑛

To verify which gate is dominant, consider a sub-string  of  ~𝒫𝑛 𝒫𝑛

SRE based on  is referred to the -Reduced SRE~𝓟𝒏 ℤ𝟐

𝒫n = ⨂
i

Pi, Pi ∈ {I, X, Y, Z}

𝒫̃n = ⨂
i

P̃ i, P̃ i ∈ {I, X}, {I, Y}, {I, Z}



Global Agrees Local: EWSB as Quantum Gate
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• Consistency on  for RMI (local correlation) & SRE (global resource) 
• Physical origin of this consistency is the  quantum gate realized by

𝒔𝟐
𝑾

𝒀

Mass Insertion (RMI) Measurement Subset (SRE)

RMI
SRE

-Reduced SREℤ2



Triad Correspondence in QFT & QI & QS
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• Parameter controls symmetry breaking, 
selected by extremum condition of 
entanglement entropy 

• Entanglement entropy is a probe to 
statistical distribution of a given 
measurement set realized by gate 

• Direct correspondence between gate 
operation and symmetry breaking

Further discussion: Is extremum point universal to all scattering ?



Universality in Extremal Entanglement ?
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• Consider different fermion species carrying electroweak charges (YW, TW,3)
NO ! Entropy extremum is sensitive to fermion flavors

• Entropy extremum only diagnose  
        axial coupling κ(Z)

L = − κ(Z)
R

• Nevertheless, consistency between RMI 
and SRE still holds 

• If universal, origin of leptons must be 
different from quarks.



Universal Constraints From Self-Consistency
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[Q.-H Cao et al., in preparation]

• Unsatisfied with the extremal point sensitive to manual choice 

• Absolute bound of entanglement profiles gives common parameter constraints 
by definition, arising opportunity to examine the self-consistency of theory 

• Typical self-consistent condition is the unitarity (perturbativity)
[B. Lee et al., Phys. Rev. D 16, 1519 (1977)]

Tree level  
unitarity bound  
on the Higgs boson  

mh ≤ 1.2 TeV



Perturbative Unitarity From Entropic Constraints
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• Purity (Linear entropy) directly related to unitarity
[R. Aoude et al., arXiv:2402.16956] 
[C. Pueyo et al., arXiv:2410.23709]

• Perturbative unitarity of partial-wave amplitude • Pseudo-purity Bound on unitarity

is the truncated transition 
matrix for scattering and of 
no forward region 

𝑇2 
2 → 2 

(𝜃 ≠ 0)

Unitarity 

Perturbativity



Sufficiency on Pseudo-Purity Bound
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• Cauchy inequality for Hermitian matrices 𝑇†
2 𝑇2

• Sufficiency on two body phase space truncation  

• Unitarity  𝑺𝑺† = 𝑺†𝑺 = 𝟏 • Perturbativity |𝑻 | ≲ |𝑺 |

Positive semi-definite ρ(in) ∈ ℋ2



Saturation on Pseudo-Purity Bound
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• Flexible choices on initial state lead to optimization 

• Hermicity of  allows diagonalization    𝑇†
2 𝑇2

• Hermicity of  allows following inequality    𝑋 = 𝑈†𝑇†
2 𝑇2𝑈

• Equality can be satisfied by setting 



Partial-wave Discretization For Phase Space
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• To relate transition matrix  with partial wave amplitude 𝑇2 𝑎𝐽

• To “trace out” continuous momentum from flavor degree of freedom

We choose the angular momentum eigenstate initially, labeled by (𝐽, 𝑀)

Integrate the phase space, we derive 



Application: Recover Lee-Quigg-Thacker Bound
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[Q.-H Cao et al., in preparation]

Higgs boson + 3 Goldstones in asymptotic global  flavor symmetry𝑂(4)

•  reproduce LQT Bound for 
 in tree level

𝜸 ⩽ 𝟏
𝐑𝐞{𝒂𝑱} ⩽ 𝟏/𝟐

• Can  reproduce Perturbativity 
with quantum correction ?

𝛾 ⩽ 1



Take Home Message
• Local correlation and global resource 

coincide in the EW symmetry breaking, 
originated from the Y quantum gate. 

• Entropy extremum is NOT universal. 

• Absolute bounds on purity can be 
served as probe of unitarity violation

Thanks !

Yukawa = iY gate


