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Quantum Tomography @ Colliders

Two paths to proceed to quantum tomography
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Kinematic Approach  cheng Han, Low 241008383 Decay Approach Afik, de Nova. 2003.02280
* Theory input on the production * Theory input on the decay
* Spin is related with scattering kinematic * Spin is related with decay distribution
« Initial states and scattering angle 0, speed of particle 8 * Angles in rest frames of decay products
e Useful for stable particles * Useful for particles with tracked decay products

Both inherit the corresponding quantum information:
Interaction @ production < Theory m) nteraction @ decays 1


https://arxiv.org/abs/2003.02280
https://arxiv.org/abs/2410.08383

Quantum Information Observables

Concurrence
C(p) = HlaX(O, )\1 — AQ — )\3 — )\4)
- ~ A; is eigenvalues of \/vivp,
0<C(p) <1
'l '] p= (02 ®03)p* (02 ® 73)
No entanglement = Maximumly entangled
N inkasy

Bell variable

* CHSH inequality |F11 — E19+ Eo1 + Exp| <2 Spin

correlation

Entanglements Bell's inequalities

* Each term calculable from measured density matrix
Eiy=a;-C-b

Reference axis for qubit A Reference axis for qubit B

* The violation of Bell's inequality C>0ad B>2

B =|d,-C- (31 _ 32) +dy-C- (31 + 32) ) * conceptually different




Quantum Information @ Colliders

Quantum Magic

» Stabilizer states that can be efficiently simulated by a classical computer.

* Entanglement is not enough to guarantee the advantage of quantum computing

* Bell states have C=1butM,=0!

 Magic States: A second layer of “qguantumness” where quantum computing has advantages
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Effects from Beam Polarizations of ete™ - ff

Y G, Tao Han, Matthew Low, Youle Su, arXiv: 2602.02719

* Simplest processes to explore / play
* High colliding energy & luminosity
* Control beam polarizations (607%-80%)

* Highly successful programs:

LEP1, LEP2, SLC, SuperKEKB, BEPC I, DAYNE ...

* Next HEP collider: the Higgs factory
STCFE, FCC-ee, CEPC, ILC, L.CF ...

Polarizing
Filter

Recently Study of Polarization of QI:

M.Altakach et al.,2601.09558;

Hong-Wei Zhang, Xu Cao, Tai-Fu Feng. 2602.10389;

Yi-Jing Fang, Kun Cheng,Tao Han,Yan-Dong Liu. Hao Zhang.
2604.11887;

Yu-Xuan Liu, Luo-Ting He, Bo-Wen Xiao. 2604.17756



(1) ete™ — tt at the threshold & above

Purity Concurrence Bell Nonlocality
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Radiative Correction:
» Strongly correlated with the state purity P = Tr(pz). Aoude, et al., 2604.16268

TeV scale lepton collider can generate stronger entangled tt than that observed at the LHC

No entanglement near threshold, nor in backward/forward scattering.

e Maximum at an angle cos 8 = T8 f,/fy (with f&/fif = 0.6 and ff/f} =~ —0.5)



(1) ete™ - tt the threshold & above

« At the high-energy (B — 1) Helicity basis Concurrence
1000F | C
) o gu iy (0) 1) + gmdas(0) WU, o= (e a2~ iy
800;
[Y) = a|1T) + b)Y+ c|TL) + d|IT), with |a]? + |b]? + |c|? + |d|* = 1 i
|>r4 700}
a=¢e( .11/1/15 + ffﬂ’[ﬁ) (cost £ 1), 6005
b=e2('§/‘{’— f/LB)(COSGZFl),
500|
c=d=TFef/*\/1 - 32 sinh, ¢ oxm? ;
400¢
» Near threshold (B — 0) Fixed beam basis () 012 ()14 01.6 018 1
= _ : O/n
tt state |1/)0ut) = |dl) or |TT) is separable state
e~ e’ beam |Yin) = |LR) or |RL) No entanglement at threshold,

nor in backward/forward scattering! i
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(1) ete™ — tt at the threshold & above

Magic: the quantum resource

unpolarized
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Twin-peak of Magic

Near Bell-state region = Magic close to min!

Zero entanglement may have non-zero magic!

Polarization helps enhance magic!



(2) ete” -» utu~ /71~ at the Z pole & beyond

Purity Concurrence Bell Nonlocality

unpolarized e e*— pu u*

B 300F C 300F
2501 250t

— 0.95 g 0.9
= 0.90 200F = 0.8 200k
0.80 L2 150} 0.6 > 150}

0.75 0.5
0.70 100 0.4 100}

0.65 0.3
0.55 0.1 !
ok O




(2) ete”™ » utu/tT1~ at the Z pole & beyond
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Different Bell state at different energy scales:
governed by the vector/axial vector couplings

Interference of
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QED symmetric

1
Weak chiral |d7) = E (7T — L))

Unpolarized Beam:
* Classical mixing of fully polarized case

* Max Entanglement close to pure state
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(2) ete”™ » utu/tT1~ at the Z pole & beyond
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Ratio between vector and axial coupling strength controls
whether the state becomes separable or entangled



(2) ete”™ » utu/tT1~ at the Z pole & beyond
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* Two Peaks of Magic & Max entanglement — low magic

* Magic is more sensitive to polarization
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(3) Bhabha scattering & t-s interference

Purity
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« Z-pole and RL, LR beams similar to e"e* - p~u*
* Unpolarized largely washed out by t-channel RR, LL

* Complete polarization will significantly enhance entanglement.
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(3) Bhabha scattering & t-s interference

Bhabha scattering has both s and t channels N
Helicity amplitudes separate into 3 categories:
* s+tinterference: M(LR, ||) = M(RL, 11) "/

S—

O How t-channel influences QI?

v Owing to the helicity conservation in massless
scattering, t-channel results in separable states

/ + + e
M
y,Z
\e_ e e
* s-channel only: M(LR, 11) and M(RL, | ]) ¢ Z °
V)
 t-channel only: M(LL, |1) = M(RR, 1))
(e" e"\
e
N "

rr) = crr 1),  |¥rr) =do |I1)

Entangled State

) = a|1T) + BIL)

Separable State
|TL) or [1T)
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(3) Bhabha scattering & t-s interference
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* Magic exhibits twin-peak structure

* Some interesting area: C = 0 but M,>0;
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Entanglement vs. Magic in ff systems

A

M5
* Magic is more polarization-tunable
* Parameter space can be classified into 4 regimes: @ g
0 1 C
C -0 C -l 0<C<lI C=0
M, -0 M, -0 M, >0 M, >0
Separable States =~ Maximally Entangled Entangled Separable States
+ + e -
Stabilizer State Stabilizer State Non-stabilizer State Non-stabilizer State
polarized 8 —0,m1  cos8 = +p0 f4/fy twin-peak |. unpolarized 6 —0,

2. s/t Interference dominate
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QI Measurement at Colliders
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Another New Frontiers in TeV Physics:
Al Application in Physics

* Data Analysis ( Dr.Sai, COLLIDER-BENCH, RooAgent ...)

* Collider Phenomenolog Study
( Collider Agent, DarkAgents, HEP-CoPilot, EasyScan HEP 2...)

* More specialized Agents ... Apologies to many recent works

* Al-Driven Discovery (refer to the talks presented this morning)

We proposed a natural-language-driven agent for SMEFT phenomenology:

SMEFT-Pheno-Agent

18



Motivation of SMEFT-Pheno-Agent

Y G, Jie Wang , Ji-Chong Yang, arXiv: 2607.22331

* Collider Data Analysis is a natural fit for Machine Learning
Rarer processes bring more final-state particles and more observables
— ideal for ML in high dimensions

* The Gap of Real Automatic
ML-based new physics searches described as “automatic,’
but full automation remains far from achieved

* Al Agents are changing how we work

— 505,

RiIK—KLEEHREY---
Claude-Code



SMEFT-Pheno-Agent

SMEFT-Pheno-Agent pipeline: [LLM / Agent planner]

from event simulation to Machine Learning analyses

Generates

Y

run_config. json

Locks settings

Y

Configures h Cards
( > Phase Execution Controller [ >(_ Delphes
Events \

J Reco
A

'\

\

Scores | | Features

The source code: ¥

https://github.com/NBAlexis/SMEFT-Pheno-Agent git CMLAalysis

A gitee mirror:
https://gitee.com/NBAlexis/automated-smeft-ml-pheno

20
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SMEFT-Pheno-Agent

Twelve-phase execution graph

:.‘f I ™ ' ™ Y ' ™ N ‘: N bUiId the StUdy,
: Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 [ “»Q
. Intake - Env - OpSens - Range - PureSpl - Scan |- ----- :.*’ the data’ the
. - . H
S — S s S s et R numerical scan
A )
A e ™ s ' N ' A
Phase 12 Phase 11 Phase 10 Phase 9 Phase 8 Phase 7
Aufiit | | Replay | | MSdraft |< | Bound |* | Sel+Fit |< | ML train
- J - J J - J

I found WSL2 with Ubuntu-24.04 available. Since this is native Windows, local
mode is unavailable — you'll use wsl2, ssh, or auto-install.

[1/9] WSL2 distro Ubuntu-24.04 was found. What is the absolute MadGraph5 path
inside WSL2? Provide wsl2:/absolute/MG5/path, ssh user@host:/absolute/MG5/path,
or type install to auto-install on the selected target.

B E wsL2 &Z{ThR Ubuntu-24.04, SiE{} wSL2 AEBAI MadGraph5 #FFREE, WA

wsl2:/absolute/MG5/path, ssh user@host:/absolute/MG5/path, a s A\ install
ERExBin tBEE,

*x Baked for U7s

> install

21



SMEFT-Pheno-Agent

Twelve-phase execution graph

----------------------------------------------------------------------------------------------------------------------

H 'd Y ' ™
Phase 1 Phase 2 — Phase 3 .
: Intake Env OpSens
:' \ L J
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ::IIIIIIIIII
N I
Phase 12 Phase 11 Phas¢ 10
Audit Replay |< | MS draft |*

Phase 9
Bound

build the study,

( N N h
Phase 5 Phase 6 [ .
PureSpl e Leias . the data, the
i T numerical scan
~ - ~
Phase 8 Phase 7
Sel4-Fit ML train

[3/9] What collider process should be studied? Provide one physics process, or a
bracketed list such as [mu+ mu- > 1+ vl j j, mu+ mu- > 1- vl~ j j]. Do not add
quotes and do not include NP=, QED=, or QCD= suffixes.
ERREBIANELRE? SEH®HAPELE, A SESZE. FW [mu+r mu- > 1+ vl
j j, mut mu- > - vi~ j jl, AENS|E, BFAESS NP=, QED= 8 QCD= F4.

* Crunched for 18s

mu+ mu- > a j j

P3:operator sensitivity validation; P4: SM baseline and coefficient range
P5: pure event samples (an SM event and one NP event with coefficient)

P6: coefficient scan

22



SMEFT-Pheno-Agent

Twelve-phase execution graph

~ ~ s ~ S — s ~ ~
Phase 1 — Phase 2 — Phase 3 - Phase 4 . Phase 5 . Phase 6
Intake Env OpSens Range PureSpl Scan
J (N J \ J \ J
. ) :‘ ---------------------------------- : ------------ ,1, ------- ., Select events’
- ~ P/ - ~ =
. . , . .
Phase 12 Phase 11 Phase 10 :| Phase 9 Phase 8 Phase 7 | #"°°°°" ~. fit the cross-section
Audit |< | Replay |< | MSdraft || Bound | | Sel+Fit | | ML train | #=-==ss.’ o o ’
I ) ) i . )i statistical significance

[7/9] Do you already have CutExperiment installed on the selected execution
target? No default path was found. Provide a path, or type clone to clone it
from https://gitee.com/NBAlexis/CutExperiment.git.

FrisiiTHIR EEBEE L% CutExperiment? R BEIARERE., BIEMHRKRE, T

clone M https://gitee.com/NBAlexis/CutExperiment.git SR[E,

# Churned for 6s

P7: MLAnalysis =>Machine Learning analysis

constraint

23



SMEFT-Pheno-Agent

Twelve-phase execution graph

s A -
Phase 4 Phase 5 Phase 6
Range PureSpl Scan
~ S J
Y s l ™
Phase 9 Phase 8 Phase 7
Bound Sel+|Fit ML train
~— @/ - y,

| I: packages the numerical replay artifacts;
Cleanup is a sub-step of Phases 10/1 |

: re-reads the declared artifacts

for cross-phase self-consistency

e ™ g 'd I
Phase 1 Phase 2 Phase 3
Intake | Env - OpSens
- J - J . J
r \.‘! :‘( \.‘: e ™ .“
Phase 12 |: :| Phase 11 |: : | Phase 10
Audit | :| Replay |I:| MS draft |
J . \ J . k H
--:---: ----- o ammmmm T ---r ----- A 5---: ----- { as’
i P |0: assembles the
s i P manuscript
‘:: :..'



SMEFT-Pheno-Agent

Example:
TABLE I. Phase 1 configuration excerpt for the reference run. L6 O,r,0 fixed-SM-intercept quadratic fit
Quantity Locked value . e Phase 6 scan points
1_4- — 2. cut __ cut 5 2
Process ptuT = v Fitz o (f,)_GSM F O T ¢
Centre-of-mass energy Vs =10 TeV 1.21 Constraint Range (S =2)
Integrated luminosity 10 ab™! —
Configured polarisation tuple (—1,41) ﬁ 1.0
Model gQGC_UFO T 0.8
Detector simulation delphes_card_MuonColliderDet.tcl E '
Final-state requirement Niey > 2 5 06-
Locked event budgets (events) Nsy = 1 x 10°, Nxp = 10°, Necan = 10° ©
0.4 -
0.2
— = 0.04 , : ! !
Sstat g0 (1077 TeV™?) -0.02 -0.01 0.00 0.01 0.02
Wilson coefficient ¢,z [TeV™]
2 [-0.948, 1.531]
3 [-1.218, 1.800]
5 [—1.655, 2.237]
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(1/N) dN/0.02

o
)

SMEFT-Pheno-Agent

AdaBoost scores for the @, anchor

©
o

o
3

e
IS

e
w

e
—

SM
O,r,0 (anchor NP)
---- Selected threshold r=0.78

o
O
o

O o i ——— e

0.2 0.4 0.6
AdaBoost score s(x)

1.0

Constraint width [1073 TeV™]

[=2]

w
1

W

w
1

(W]
1

1

e  AdaBoost === RandomForest
= == IsolationForest ----- GradientBoosting

0.5 0.6 0.7 0.8

Score threshold

Algorithm Optimal threshold Constraint width Selected
(1073 TeV™)

AdaBoost 0.78 2.479 v

Isolation Forest 0.92 2.899

Random Forest 0.98 3.361

Gradient Boosting 0.98 4.651

Welcome to try our skills !

0.9

1.0



Summary

QIS @ colliders: New observables & rich physics! » New Pheno!

ete™ collisions: high energy, high luminosity, beam polarizations
= good control of quantum states

Longitudinal/Transverse beam polarization

LLM Agent for HEP: changing how we work ! » New method !

We're just at the beginning of the journey!



ﬁelgome to the Quantum Year‘ y
Celebrating entanglement

Ba.envenue dans V'année quantique ! -



Quantum Tomography @ Colliders

Ch . f B . Cheng, Han, Low 2311.09166
oice o aslis Cheng, Fang, Han, Low 2502.14065

* Equivalent to axes for spin measurement
* Beam basis {x,y,z}: cancellation leads to null result
* Helicity basis {rk,n} : entanglement with no cancellations after averaging over phase space

Chirality = helicity at high energy, simplifies physical interpretation

Beam basis

beaml beam?2

beaml
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https://arxiv.org/abs/2311.09166
https://arxiv.org/abs/2502.14065

Quantum Tomography of ete™ - ff

* For the fully-polarized LR (e[ ef) or RL(eg ef) the final state |ff> is a pure two-qubit state

* Full tomography . 2(fv % face)(fa £ firco) * Effective chiral couplings:
C R+ £y face’ ( BSM will modify them! )
2 ¢ p2 2\ _ 292 ’ L_ g5 (g7 + g%) s
X sy (fv(2 = B°) = f46°) 0 ~2(fico £ fvfaB)sor/1— B2 A V- TP i p—
Cij =5 0 (f3 = f2)B%s; 0 i 9591 — 9#) s

~2(f3co £ fv faB)so/1— B 0 226 + B%3) + fAB(1 + ) £ Afy f48 S

o 2= 0,0 ;. 9al91 + 9R) $

& =ed 2ck, s, s—m%L +ilzmz’
with normalization factor D = fVZ (2 — ,3255) + 4L f, faco + ,BzfAz(l + Cg) R = _9%(9,{ — gh) s

2 F =
2ciysiy s—mz+ilzmg

« Concurrence: c¢-= ﬁzsg(fi— f4) & Bell: B=2v1+C2

reaching the maximum C — 1, B = 2v/2 at cosf = Ffa/fv.

Applicable to ff with / without decay! 30



e Fano coefficients of e et — tt

1.0
ete ott ;
v ~B(erer)
0.5} Vs=1Tev -~ 4
ol T e
1 0.0p= .
~0.5}
B (eger) "
-1.0 , , : ,
0 02 04 06 08
o/

RL < LR flip single-particle polarization vectors Bj;

(1) ete™ — tt at the threshold & above

..
=

ete o1t

iy B,

0.0
Q gy
Bie'e)
~05 Bi(eren)s,
-1.0 e . :
0 02 04 06 08 1
O/n

i
@)

1.0

0.5

-0.5¢

-1.0

ete it s
Vs=1TeV

-

0 0.2 04 0.6 0.8 1

spin-correlation matrix Cj; insensitive to polarization
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(2) ete”™ » utu/tT1~ at the Z pole & beyond

e Quamtum states fore et - uput * Density matrix

The unpolarized process is a mixture of polarized processes.

= al|TT) + b|{l), with dbf larization RL (LR
|Y) |TT) [11), with a an or polarization RL (LR) (Pﬂ 00 Pﬁ\
R/L R/L 0 00 O
a (1+%) (1 £cosh), b (1—%) (1 F cosh), Pmixed = 000 0

\pﬁ 00 pﬁ)

I ' ' ' /,,-' ------- - 1.0
0.5f e et f;’/ Bi(erep) : 05t
Z pole ) /
& 00} VA S 00
B;\_T(e—e+) ) EAR ‘-‘x _____
_0'5 ) ,’l ..‘»,‘ Bi(()R()L} ] _0.5' -
o ‘\,“‘ """"" €R€L \
-1.0p-—------- j""/ . : ---------------- - _1.0F unpolarized R ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
6/m 6/n

RL < LR flip f-polarization B;; Cj; insensitive to polarization 30



(3) Bhabha scattering & t-s interference

* unpolarized e*e™ system

( pricr 0 0 prry)
O prp 00
Pmixed =
0 0 ppyr 0
KPJ/\L,TT 0 0 P¢¢,¢¢)

Fano coefficients of e et > e~ et

Co 0 0 0 0.5l e e e et /" Bi(erer)
Oy = 0 C. 0 ’ BE = 0 Z pole 7
0 0 Cu By & 00 e
unpolarized  / Bi(e"e)
—0.5'_____ — -+ /Z
€rep // B; ((*JG‘*‘L)
. CqobTTereL T e ]
Key difference from s-channel-only : ' : : :
0 0.2 04 06 0.8 1
6/m

C,; itself changes with polarization in Bhabha,
polarization reweights s vs t channel contributions.

1.0p—————----

0.5¢

e etoe et

\
o Vs =250 GeV

-nn N
\

unpolarized N/
~1.0}f , LN ,
0 0.2 0.4 0.6 0.8 1
6/n
|| S ]
e"etoe e’ ! Bi(erer)
0.5¢ /
Vs =250 GeV .
Hee 0.0 fFf .
unpolarized Bi(e7e™)
—0.5F-=--- eze‘}'{ ,'I
/ Bi(eger)
---------- eiei
-1.0p--——- ST L e e
0 0.2 04 0.6 0.8 1
O/m
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Bhabha scattering & t-s interference

o Fraction
o Fraction

0.40}F
03st /.
030}

0.25}
0.20}
0.15}
0.10}

o Fraction
o Fraction

O/n O/n
* QED and 250 GeV: t-channel dominates forward region.

e Z-pole: s-channel dominates similar with only s-channel process

34



	幻灯片 0: New Frontiers in TeV Physics:  From Quantum Tomography to LLM Agents
	幻灯片 1: Quantum Tomography @ Colliders
	幻灯片 2:  Bell variable
	幻灯片 3: Quantum Information @ Colliders
	幻灯片 4
	幻灯片 5: (1) e ...次方 加 设备控制 4 e ...次方 减 渐近于 t t bar 设备控制 4 设备控制 4  at the threshold & above
	幻灯片 6
	幻灯片 7
	幻灯片 8: (1) e ...次方 加 设备控制 4 e ...次方 减 渐近于 t t bar 设备控制 4 设备控制 4  at the threshold & above
	幻灯片 9
	幻灯片 10: (2) e ...次方 加 设备控制 4 e ...次方 减 渐近于 Mu ...次方 加 设备控制 4 Mu ...次方 减 除 tau ...次方 加 设备控制 4 tau ...次方 减  at the Z pole & beyond
	幻灯片 11
	幻灯片 12: (2) e ...次方 加 设备控制 4 e ...次方 减 渐近于 Mu ...次方 加 设备控制 4 Mu ...次方 减 除 tau ...次方 加 设备控制 4 tau ...次方 减  at the Z pole & beyond
	幻灯片 13: (3) Bhabha scattering & t-s interference
	幻灯片 14: (3) Bhabha scattering & t-s interference
	幻灯片 15: (3) Bhabha scattering & t-s interference
	幻灯片 16: Entanglement vs. Magic in f f bar  systems
	幻灯片 17: QI Measurement at Colliders
	幻灯片 18: Another New Frontiers in TeV Physics:  AI Application in Physics
	幻灯片 19: Motivation of SMEFT-Pheno-Agent
	幻灯片 20: SMEFT-Pheno-Agent
	幻灯片 21: SMEFT-Pheno-Agent
	幻灯片 22: SMEFT-Pheno-Agent
	幻灯片 23: SMEFT-Pheno-Agent
	幻灯片 24: SMEFT-Pheno-Agent
	幻灯片 25: SMEFT-Pheno-Agent
	幻灯片 26: SMEFT-Pheno-Agent
	幻灯片 27
	幻灯片 28: Back up
	幻灯片 29: Quantum Tomography @ Colliders
	幻灯片 30: Quantum Tomography of  e ...次方 加 设备控制 4 e ...次方 减 渐近于 f f bar 设备控制 4 设备控制 4 
	幻灯片 31: (1) e ...次方 加 设备控制 4 e ...次方 减 渐近于 t t bar 设备控制 4 设备控制 4  at the threshold & above
	幻灯片 32: (2) e ...次方 加 设备控制 4 e ...次方 减 渐近于 Mu ...次方 加 设备控制 4 Mu ...次方 减 除 tau ...次方 加 设备控制 4 tau ...次方 减  at the Z pole & beyond
	幻灯片 33: (3) Bhabha scattering & t-s interference
	幻灯片 34:  Bhabha scattering & t-s interference


   𝜆 i


  ℬ =


  𝓒 > 𝟎


  𝓑 ≥ 𝟐


   ℳ 2 = 0


  0 <  ℳ 2 ≤    log 2 ⁡   16 7 ≈ 1 . 192


  𝜙


   e +  e − → f  f -  


   e +  e − → t  t -  


  P = Tr  (  𝜌 2 ) .


    t  t -


   cos ⁡ 𝜃 = ∓ 𝛽    f A /  f V


   f A R /  f V R ≈ 0 . 6


   f A L /  f V L ≈ − 0 . 5


   e +  e − → t  t -  


    | 𝜓 ⟩ = a  |  ↑ ↑ ⟩ + b   | ↓ ↓ ⟩


  c  |  ↑ ↓ ⟩ + d   | ↓ ↑ ⟩


     | a | 2 +    | b | 2 +    | c | 2 +    | d | 2 = 1


  t  t -  


    |  𝜓 out ⟩ =


   |  ↓ ↓ ⟩


   |  ↑ ↑ ⟩


   e −  e +


   |   𝜓 in ⟩   =  |  L R ⟩


   |  R L ⟩


  c ∝  m t 2


   e +  e − → t  t -  


  𝜖 → 0


  𝒞 → 1


   𝒞 max LR >  𝒞 max RL


   𝜃 max LR <  𝜃 max RL


   e +  e − → t  t -  


  ⇒  


   e +  e − →  𝜇 +  𝜇 − /  𝜏 +  𝜏 −


   e +  e − →  𝜇 +  𝜇 − /  𝜏 +  𝜏 −


   |   Φ + ⟩ =  1   2 (  |  ↑ ↑ ⟩ +  |  ↓ ↓ ⟩ )


   |   Φ − ⟩ =  1   2 (  |  ↑ ↑ ⟩ −  |  ↓ ↓ ⟩ )


   e +  e − →  𝜇 +  𝜇 − /  𝜏 +  𝜏 −


     f V  R L   f A  R L ~ −    f V  L R   f A  L R


   e +  e − →  𝜇 +  𝜇 − /  𝜏 +  𝜏 −


  →


   e −  e + →  𝜇 −  𝜇 +


   |   Φ − ⟩ =  1   2 (  |  ↑ ↑ ⟩ −  |  ↓ ↓ ⟩ )


  𝛾 , Z


  𝛾 , Z


  𝛾 , Z


  𝛾 , Z


   |  𝜓 ⟩ = 𝛼  |  ↑ ↑ ⟩ + 𝛽  |  ↓ ↓ ⟩


   |  ↑ ↓ ⟩


   |  ↓ ↑ ⟩


  f  f -


  𝒞


   ℳ 2


  1


  0


   cos ⁡ 𝜃 ≈ ∓ 𝛽    f A /  f V


   e +  e − → t  t -  


   e +  e −


  ⇒


   e +  e − → f  f -  


   e L −  e R +


   e R −  e L +


    | f  f - ⟩  


      𝒟 =  f V 2  ( 2 −  𝛽 2  s 𝜃 2 ) ± 4 𝛽  f V  f A  c 𝜃 +  𝛽 2  f A 2  ( 1 +  c 𝜃 2 )


  f  f -  


   e +  e − → t  t -  


  ⟺  


   B i


   C ij  


   e −  e + → t  t -


   e +  e − →  𝜇 +  𝜇 − /  𝜏 +  𝜏 −


   e −  e + →  𝜇 −  𝜇 +


    | 𝜓 ⟩ = a  |  ↑ ↑ ⟩ + b   | ↓ ↓ ⟩


  ⟺  


   B i


   C ij  


   e −  e + →  e −  e +

