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\ A new test of QM with Quantum Channels / Instruments
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Q. What is the general property of the QI map?

Z.(po) = 0z = Y  EwpoE]

Kraus operators:
Ey = (e,|U]0)g
Ek : 7’[0 — Hl

Completely positive map

1r® E; |

R® S(Ho) L R® B(H1)

IS also positive

+ state-to-state map is NOT linear

kex
A. - Linear )
- Trace decreasing 0 < Trgp, <Trpg =1
- Completely Positive
\_ J
post-Ql state
- )
PO 7P = Tro, TrZ.(po)
— _J

Any map satisfying these properties correspond to some physical quantum instrument




Choi Matrix

dy = dimHMy, di = dimHy, po =Y pili)(j
]
00 =ZLa(po) = Y  pijZe (1) {j])

If all dg operators I.(|i){j|) € L(#')) is fixed, the Ql map is completely determined.

Each operator I.(|i){j|) can be represented by a d; X d; matrix: [Z,(|¢)(j|)]ag = (a|Z:(]%)(j|)|5)

/ (d; X d;) matrix

l (Z(DOD] [Z(0EN] - [Za(1)do])]
(2] [Z(2)2)] - [Ze(2){do])]

Choi matrix: (d, X d,) dim square matrix

1
do

[ - Linear
{ - Completely Positive —— I, is positive
| - Trace decreasing > Tr {fx} <1
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1 1 Se n>
— qSe [2_S/x HIEIPSMptnSt [Mgt St ] |St><82

The map py, — 0, is

- Linear

- Completely Positive

. Lle™ — 1t
—Vracedecreasing— Tro, = o [_6 f (rfl) ?}3 ! can be larger than 1
ole~et (pg™) — ti]

* The positive (16 x 16) Choi matrix Tx exists:

(Zo(| ++ )+ 41 Zo([++0{+ =) Zo([++)(=+]) Za([++){==]))
7 :1 Ix(+_><++) Ix(+_><+_) Iﬂc(+_>(_+) Ix(+_><__)
oA (D) Le(( = =) Ze( =)=+ ) Za([ =40 =)
\Ze(| - Mo+ Ze(l =0+ =) Ze(l=-N=+D Za(l--}--1])
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Why is it useful?
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- one can compute the QI outcome @, immediately:
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Complete
positivity: { check whether all eigenvalues of the Choi matrix 7.(|i){j|) are non-negative.
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QPT with polarised lepton colliders

« Reconstruction of the diagonal part:

(
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N N N N
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ole~et(pg™) — ti]
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1+
|+ 1+
T
+ + + o+

N N N N
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AN NN

|
|
N N N N

e e’ — tt

Quantum State Tomography
(Y.Afik, J.Nova 2003.02280)




 For not perfectly polarised beams,

P97 = LA+ w0 (H + 5 (1wl )

2 0<qg,g<1
wt 1 _ 1 _
pi—l— ) — 5(]‘ -+ W+Q)‘—|—><—|—‘ T 5(1 o W+Q)‘—><—| (w_7w+) — {(+7+)7 (+7 _)7 <_7+)7 (_7 _)}
— 4 beam settings
w W w w 1 — _ — _
ps’ ) = o @l = (1w + Wt + AN+ |+ (w1 - wh )]+ =) (+ |

1= q) A+ =)+ [+ (1= (1= | — -}~ - |

(o " (L+q)(1+q) (I+g)(1-7) (I1-¢9)(1+q) (A-¢)(X-a)\ /|++)++
o7 1 )(1-9) (+g)(1+q) A-9)(1-9) A-)@+q) | |[+-)+-
o 4|(1-)(+a) (1-9)(1-7) (Q+q)(1+d) A+q)1-q)| |-+~ +

\p{" 7)) \(1-¢)(1-9) (1-¢)(1+q) (A+q)(1-7) (A+q)(1+q)) \I-—) -

. . o —1 measurable
diag. entries of (| + )+ + ) 7 (o)
Choi matrix [ Z,(|+ —-)(+ —|) v ,(pH )
L(|=+0=+D] Zo(pg )
Lo(| = =) (== T (0577))



- Reconstruction of off-diagonal elements:

Lo(|++){++]) Ze(+ )+ =) Zo([++){=+]) Za(l++){--])

< ) ) )
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CTA| (- ) LoD L= ) T(l- - )
L(- M+ (=M= Ze(--Ho+ ) Zo(l--)--)

« Consider polarisations NOT in the direction of the beam:

m) = al)+fl). m) = al+Fl), laP +[8P =P +lsP =1
n) = 5[+ +6). [m) = A+ +3]) 0" + BB = v+ 83" = 0

- Consider the beam setting (e7,e™) = (+, m)

(+,m)

Po +){+| ® [m)({m|

= Jaf[+ )+ +] + af [+ + )+ =] + a" B+ =W+ +] + |8 - -)(--]
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- With another beam setting (e, e*) = (4, n)
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0:"™ ~ P ~ 16705 76" %0 J\Tall+ =)+ )
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Z. (1) (4])

E :Pij
i,J

©,J

po =Y pili) (il —> 0o
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- Are all eigenvalues non-negative?

—> Test of Complete-Positivity



Theoretical Prediction

Z/v

MAB_M;X,—'J_B:O

1 - i i T i i
L > ZE[%%(CLPL+CRPR)¢6][¢t’Y“(dLPL+dRPR)¢t] o
i A7 ct b d’ d’,
A S —e —e % %e o
Z s—mQZ gZ(—l+sm 0w ) gz sin® 0, gz(% %sin2(9w) gZ(—gsm 0w )
0 = MIT = ) o5 csinb(dy + dy)
_/‘ g ¢
tt i S i i
s ety [, (1= ) + diy(1+ 5)].
= N (1 cosO)[dL (1 + B) + di(1- B)],
—= —— -1 ) -1 7 - i i
Mog = M7 = e QSZQAZW 1cL81n(9(dL+dR),
Mor = =03 e (1-cosO)[dp (1= B) +dip(1+ )],
__ —q S 4 i i
My = -e ¢22A2 [d,(1+8) +dg(1-5)]
[df(uaJ><K7L|)(A,B),(C,D) = deM ) ]
O'N 25
o = T S\/_fdcosédqb
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dI(++’++)

dcosfOdg

A1)

dcosfOdg

d1t==-")

d cos Od¢
(0.188  —0.705
~0.705 2.643
0.338 -1.268
\ 0.188 -0.705
(0.300  0.356
~1.124 -1.334
0.539  0.640
\ 0.300  0.356
(0.478  0.567
0.567  0.673
~1.499 -1.779
\ 0.478  0.567

o+ o, ——
(1) 0 0 10
F_| 0 00 0 ARy (Gl
v 0 0 O 0 v U
0 o0 1)
( aﬁ)sg a12 ) s9(1 + co) a13 ) s9(1 = cp) agz)se \
agl)39(1+09) a22)(1+09)2 a23)(1—ce) a§4)39(1+09)
a31 39(1—09) a32 (1_69) a33)(1—c )? a:(34 so(1-co) |
\ afﬂ)se a42 ) s9(1 + co) ai3 so(1—cp) afl4)39 )
( agl_) Sg ag )39(1 co) a§3_ sg(1+cy) agz )39 )
20 agl sg(1+cp) a22_)(1 ) a23_)(1 +cp)? a;4 sg(1+cp)
a:(;{ )3@(1 —cp) a32 )(1 co)? a:(,)g_ (1-c2) a3z_)59(1 —cp)
\ a5yl se(loce) afyse(leee)  alis)
( agz)sg a12 39(1 —Cy) a§3)59(1 +cg) a§4)89 )
a$)so(1-co) aly) -y as (1-c3)  aSy)se(1 - cp)
a§y)so(1+co) a3; (1-¢3)  af(1+cp)?  al)sp(1+cp)
| ai)sd alse(l-cp) alFse(lves)  alls )
1968 —0.705 , nol _ | -1.557 0.659  0.418 -1.557
0338 0.188 | \ 3.679 -1.557 -0.988 3.679 )
~0.940  0.300 ) (5.706 -1.621 -2.328 5.706\
3.525 -1.124 _9 4 12415 0.686 0.985 -2.415
1602 0539 | 1V Vi-1Tev = | -1533 0435 0.625 -1.533
~0.940  0.300 \ 5.706 -1.621 -2.328 5.706 )
1499 0.478 \ (8819 -2514 -3.610 8.849 )
~1.779 0567 | o o) _|-2514 0714 1025 2514
4700 -1.499 ’ @ lsaiev T 123610 1.025 1473 -3.610
~1.499 0478 ) \ 8.849 2514 -3.610 8.849

Sensitive to BSM extension!
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Summary and Discussion

- High-energy tests of QM are important:
- Locality may be an emerging property.

- QM may be modified at high-energy to be reconciled with gravity.

* The spin correlation measurement at polarised colliders can be understood as a
quantum instrument. ex. ete™ — 11

- The QI map is completely determined by the Choi matrix, which can be experimentally
reconstructed by the quantum state tomography of the final state with various beam
polarisation settings. « Quantum Process Tomography

 The reconstructed Choi matrix can be used to test the linearity and complete-positivity
of the map, which offers a novel test of QM.

* The proposed method requires unconventional beam polarisations, i.e. polarisations
not in the direction of the beam.



Thank you for listening!



