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A Quick Review of Qubit

1
Bloch-Fano Decomposition: p = (

Fano coefficients -

net polarization -

_ spin correlation matrix

I, + ZB”Q(GL®H2)+ZBB(H2®O'1)+ 2 Cij (Jl®0})

i,j=1 )

= (0; )
= (I, ® a;)

(01 & UJ>
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Quantum Information Observables
1. Concurrence C(p) = max{0,1; — 1, — 13 — A4}

Ai(i = 1,2,3,4) are the eigenvalues of R = ,/\/pp+/p in descending order

C(p) = 0 & separable (unentangled) states P = z pipa @ Ph
0 < C(p) <1 < entangled states

2. Bell's Inequality |P(d,&) — P(b,é)| <1+ P(d,b)

A Py A Py A Py

CHSH Inequality 7, = (A1B,) + (A1B,) + (A;B,) — (A,B,) < 2

l

Bell Nonlocality B = max(J,) = 2,/m; + m,

m, and m, are the largest and the second largest eigenvalues of CTC.




Quantum Information Observables: Magic

3. Stabilizer States: States that can be efficiently classically simulated. M, =0
e.g. [T+ [L1), 2 MM + [L)) ...

Use Pauli string operators to create stabilizer states:
|lp> = PlTT),P (S :Pn = {]1 ® ]1,]1 ® O, O0j ® ]1,0'i ® O']}

“Magic” States: States where quantum computing has advantages. M, # 0

The Second Stabilizer Renyi Entropy (“Magic”):

ZPePn Tr(pP)*

Zpepn Tr(pP)Z

1+X:BH*+X:BH)* + Zij(cij)4

1+ %(B) + 2u(B7)” + 2y (i)’ 7

M, = —log;

= —log;



Quantum Information Observables: Magic

3. Stabilizer States: States that can be efficiently classically simulated. M, =0
e.g. [T+ [L1), 2 MM + [L)) ...

Use Pauli string operators to create stabilizer states:
|lp> = PlTT),P (S :Pn = {]1 ® ]1,]1 ® O, O0j ® ]1,0'i ® O']}

“Magic” States: States where quantum computing has advantages. M, # 0

The Second Stabilizer Renyi Entropy (“Magic”):

It depends on the
guantization basis we

choose! _
We use helicity basis here:
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Quantum Tomography at Colliders

Two methods of quantum tomography:

Kinematic Method Decay Method

= Tproduction Quantum state p .= Eec:y_ -

® -

<
| cose,
® : K’?“

Assuming SM at Production Assuming SM at Decay
Use kinematic variables Use decay particles

N\

Both can reconstruct the quantum states
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Quantum Tomography at Colliders

Two methods of quantum tomography:

Kinematic Method

A\
___T___

U ut,e"e”
No Decay at Colliders

Quantum state p

®
®

Decay Method

Decay Channel: tt — fq

11
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Polarization Effects on Common Qubit Pairs at Lepton Colliders
Only s-channel: e"e* - ff
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e~et — ff: Only s-channel Process

e’ f
v, 2 ff=tt,t ttHuut..
Spin Density Matrix: p « R = M oM, 1|ss' W rr'|
e” /
Fully polarized: Pure State —T> Pure State
T

Unpolarized: Mixed State » Usually Mixed State

13
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Polarization Effects on Common Qubit Pairs at Lepton Colliders
Only s-channel: e"et - ff
Massless Final States: p~u™
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e"et - u~ut /7t Massless and near Z pole

Fully polarized initial state: egej 2
e guv

M = m+1(fV]0utV +fA]outA)

Concurrence of €pe;—> "y~

C

_- Since y/Z is spin 1 and in massless limit,
o ) ecalt) + blLl)

I s Initial States: |TT) in z direction

Vo l Project onto
0.4

03 Final States: |TT/ll) in k direction

0.2
0.1

We can use the Wigner d-matrix:
) o f1d11(O)ITT) + frdl, 1(O)[LL)

Lr = (fvxfa)/2
fi/r = 0, Max Parity Violation .




e"et - u~ut /7t Massless and near Z pole
Fully polarized initial state: ege;f

Concurrence of pei> )1 ___ Max Entanglement at cos 6. ~f,/f,
R _ 0.0, + JRWE + 91) s
4 a 2st,ch, s —m5 + isT;/my
: n_ 95(gk —91) s
fA — 2

2sé,ch, s —m5 + isT;/my

As +/s increases, f;, f, changes

—c0s 6, changes

fL;r = 0, Max Parity Violation "



e"et -y ut/rTt

300

250

200}

Concurrence of €pe;—> "y~

D7)

C

0.9
0.8
0.7
0.6
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0.4
0.3
0.2
0.1

/_—lll

)

|®7) =

. Massless and near Z pole
Fully polarized initial state: ege;f

Different Bell state
at different energy scales

1
—=(17) =

NG )



e"et -y ut/rTt

Fully polarized initial state: ef e&

300 - p—

250

200f

100}
50}

1y o B

Concurrence of e;ep— u" -

M)

. Massless and near Z pole

e er looks quite similar with ege;’!
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e"et - u~u* /1" Polarization Effect

10 ----------------------------- _ RL LR
- ] vV
RL LR
A A
+

The incoming current J; .,

l

ckl(s, 8)~CE (s, 0)
Similar Behavior
For Different Polarization

19



e"et - u~u*t /7t Unpolarized Beam

Unpolarized Beam: Classical mixing of fully polarized case

Concurrence of unpolarized ¢'e¢ - u" u~

300F
250}

200}

Max Entanglement
Close to pure state

Bell Nonlocality of unpolarized e'¢ - u*u~

Bell State
B — 2\/5 20



e"et - u~ut /7t Magic

Two Peaks of Magic Magic is more sensitive to polarization

erer~H A" 0.5

250 e\ T M,
| nral W b 0.4}
200} 1. 0.40 |
: I =0.35 i
150! L. 030 o 0|
S L W W 025 = |
100} ] §0.20 021
[ : ) 0.15 :
50¢ A N { 0.10 0.1f
| | §0.05 |
oL | 111118 o 0.0
0 02 04 06 08 1 0

O/r
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e"et > u ut /Tt Magic

Two Peaks of Magic Magic is more sensitive to polarization
erero U AT 0.5
250 F i | P || i M2 '
| - f 0.4}
200¢ ,‘ . - 0.40 |
3 | - ] =0.35 i
150} L. 030 o 0
S - W 025 = |
100! 1 §0.20 02
: , 1 §0.15 ;
SO N\ ] §0.10 0.1}
(LIl | | | O 0.0k
0 02 04 06 0.8 1 0

O/r

Magic is different quantum resource from entanglement!
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Only s-channel: e"e* - ff

Massive Final States: tt
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e"et — tt: Massive Particles

Concurrence with unpolarized e"e

1000F
i C ) = a|t)y + b + (L) + [41)
900 -
-~ 07 € X my
800:— _ 06
s 70 ~ % Atthreshold (8 - 0)

0.4

s |Y)=1|LR) or |RL)
IS separable state

600

5005 0.2
0.1 |LR) or |RL) is the state of
electron beam.

Quantization basis is z direction.

400+

No entanglement at threshold! 2



e"e’ - tt: Magic

ejep— tt

1000
900
800
[ 700
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s00 SR
400 Y/

0 02 o0.

Mo 1.0p
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Bhabha scattering: e"e* - e7e*/ u u* » u~ut
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Bhabha Scattering: How t-channel influences quantum information”?

-+ -+ .
€R/LEL/R — €R/LEL/R"

-+ -+ .
€r/LeL/R — €L/RCR/L-

-+ -+ .
€R/LER/L — €R/LER/L-

—

+ +

e’ e’ e e
V.2 + v, Z
° © e ¢ =Yy =alm) + )
’ ) Entangled State
v, Z
e e’
Y, Z ITL) or |[LT)

Separable Sz’gate



Concurrence and Bell Nonlocality for Unpolarized Case

Concurrence

200"
150
“Z 100

50

No Entanglement

No Entanglement

-0.9

0.7

200~

“Z 100

150

50

Bell Nonlocality
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Reasons of the unpolarized case

QED Level
0.4} RR/LL
£03;
9 8 times
= 0.2}
: v
0.1 LR/RL

t-channel dominates
especially unentangled process

Fraction
o
('S

<
b

= .
=

Around Z pole

S 2
V=

<
~

LR

<
U

s-channel dominates
similar with only s-channel process
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Polarized Case: Remove the unentangled pairs

epef Concurrence Bell Nonlocality
200 mmmm e g a—
| . | B
150 0.9 150
0.7
~ 100" “2 100
50 50
O““ P——— Oiw\\\\\\\\\\\\\'\\\
00 05 1.0 1.1 . 0.0
1
D7) = — (|11 = [44) B =22
\/7( )

High Entanglement 30



Magic of Bhabha Scattering

Magic still exhibits two-peak structure.

Unlike entanglement, magic remains nonzero largely.

erche et unpolarized

Jsor S - e M

200¢ | 1~ 040 200}
| =035 ' .
. 150¢ ] 0.30 o 150_' 0.4
2 0.25 2 03
100} 150 100} -
0.15 0.2
2 . 0.10 >0t 1 o
I D oo ol 0 T

0 02 04 06 08 1 0 02 04 06 08 1
O/n s
Full polarized Unpolarized
two peaks similar with only s-channel changed by t-channel

with RR/LL initial states 31
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Polarization Effect on Tomography
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Polarization Effect on Tomography (C and B of tt as an example)

Vs=1TeV Entanglement Measure (C) Bell Nonlocality (B — 2)
(P—yP.+) |Agys| C Af || B—2|Awt(B) | S, S 6. | Af
1% || 0.49 > bo, 4.5% 92° || 0.37 | 0.090 37°
(0,0)
2% | 0.55 > 5o, 6.4% 75° || 041 0.133 29°
1% || 0.41 | 0.025 | > 50, 6.1% | 124° | 110° || 0.34 0.10 38°
(+0.8, —0.6)
1% | 0.41| 0.032 | > 50, 7.9% | 124° | 110° || 0.37 0.14 2.60 124° | 31°
1% || 0.49 | 0.020 | > 50, 4.2% 101° || 0.41 34°
(—0.8, +0.6)
2% 11 0.49| 0.032 | > 50, 6.5% 101° || 0.45 25°

Using L = 5ab~1, the polarized cross section is larger.
— Significance is larger.
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Thank you!



