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To investigate the computational property of colliders, we need to 
control input (spin) states.
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where cL and cR are the coupling constants of the left-chiral
and right-chiral fermions respectively. These calculations al-
ready remind one of the construction of a Choi matrix (eq.
2), and we can easily check that the obtained matrices sat-
isfy the conditions to be implemented through quantum chan-
nels (cf. Section III). In fact, using the IBM Quantum Lab
(https://quantum-computing.ibm.com/), we constructed quan-
tum channels that were able to reproduce them, which is the
subject of the next section.

C. CONSTRUCTING THE QUANTUM CHANNELS

When constructing a quantum channel (Fig. 2), we
translate observable values R, L to the Boolean computational
basis given by {0,1}. We can characterise each possible
initial-final helicity state by a string of four digits, the first
two corresponding to the helicity of the initial-state electron
and positron, and the last two corresponding to the helicity of
the final-state quarks. The first application of the Hadamard
gate (H) creates an equal superposition of all the 16 possible
combinations of initial-final helicity states. Then through
the quantum interference introduced by the action of phase
and C-NOT gates we enhance the probability amplitudes of
selected states. The final Hadamard gates ‘close’ the superpo-
sition and precede the measurement gates. It is worth noting
that quantum channels can approximate a result with as much
precision as needed, at the cost of increasing the number of
computational steps (cf. Solovay-Kitaev theorem2).

FIG. 2. Schematic representation of a quantum channel comprising
n qubits, Hadamard (H), C-NOT (+), Phase (P), and measurement
gates.

Considering the experimental measurements of the e+e� !
qq̄ (where q and q̄ are a quark and its anti-quark respectively)
cross section from LEP close to and above Z resonance (from
LEP and SLD Collaborations27, we see that the contribution to
the cross section from the QED process alone (eq. 7) presents
an evident backward-forward symmetry in the angular distri-
bution that is lost above the Z resonance as a consequence of
the parity violation which characterises the weak interaction
(eq. 8), that is manifested via different couplings for the left-
and right-chiral fermions. Figures 3-4 illustrate a simple ex-
ample of how quantum circuits can be used to compute ansatz
leading-order matrix elements for |Mg |2 and |MZ |2, which
respect the observed angular distributions (a)symmetries.

FIG. 3. Quantum channel simulating |Mg |2 (eq. 7) and related his-
tograms showing a parity preserving process (simulated using the
IMB Quantum Lab (https://quantum-computing.ibm.com).

FIG. 4. Quantum channel simulating |MZ |2 (eq. 8) and related his-
tograms showing a parity violating process (simulated using the IMB
Quantum Lab (https://quantum-computing.ibm.com).

Consider, for example, how the histogram in Fig. 3 is asso-
ciated with the elements in matrix (7). A given combination
of 0’s and 1’s determines a unique matrix element according
to matrix (6) (as an example, the top-left matrix element
|MRL!RL|2 is associated with the combination "0101"), while
the associated probability amplitude gives the corresponding
value according to matrix (7). The parity preserving nature
of the electric interaction (eq. 7) can be seen in Fig. 3 by
the fact that, by substituting each 0 with a 1 and vice-versa
in each string, the same graph would be obtained. On the
other hand, in the weak interaction (eq. 8) parity violation
manifests itself via the unequal values of the chiral couplings
cL and cR. It follows that, by comparing matrix (8) with
matrix (7), we expect that matrix elements that had equal
values in the former, will be unequal in the latter. This is what
we observe in Fig. 4, where we also notice that substituting
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where cL and cR are the coupling constants of the left-chiral
and right-chiral fermions respectively. These calculations al-
ready remind one of the construction of a Choi matrix (eq.
2), and we can easily check that the obtained matrices sat-
isfy the conditions to be implemented through quantum chan-
nels (cf. Section III). In fact, using the IBM Quantum Lab
(https://quantum-computing.ibm.com/), we constructed quan-
tum channels that were able to reproduce them, which is the
subject of the next section.

C. CONSTRUCTING THE QUANTUM CHANNELS

When constructing a quantum channel (Fig. 2), we
translate observable values R, L to the Boolean computational
basis given by {0,1}. We can characterise each possible
initial-final helicity state by a string of four digits, the first
two corresponding to the helicity of the initial-state electron
and positron, and the last two corresponding to the helicity of
the final-state quarks. The first application of the Hadamard
gate (H) creates an equal superposition of all the 16 possible
combinations of initial-final helicity states. Then through
the quantum interference introduced by the action of phase
and C-NOT gates we enhance the probability amplitudes of
selected states. The final Hadamard gates ‘close’ the superpo-
sition and precede the measurement gates. It is worth noting
that quantum channels can approximate a result with as much
precision as needed, at the cost of increasing the number of
computational steps (cf. Solovay-Kitaev theorem2).

FIG. 2. Schematic representation of a quantum channel comprising
n qubits, Hadamard (H), C-NOT (+), Phase (P), and measurement
gates.

Considering the experimental measurements of the e+e� !
qq̄ (where q and q̄ are a quark and its anti-quark respectively)
cross section from LEP close to and above Z resonance (from
LEP and SLD Collaborations27, we see that the contribution to
the cross section from the QED process alone (eq. 7) presents
an evident backward-forward symmetry in the angular distri-
bution that is lost above the Z resonance as a consequence of
the parity violation which characterises the weak interaction
(eq. 8), that is manifested via different couplings for the left-
and right-chiral fermions. Figures 3-4 illustrate a simple ex-
ample of how quantum circuits can be used to compute ansatz
leading-order matrix elements for |Mg |2 and |MZ |2, which
respect the observed angular distributions (a)symmetries.

FIG. 3. Quantum channel simulating |Mg |2 (eq. 7) and related his-
tograms showing a parity preserving process (simulated using the
IMB Quantum Lab (https://quantum-computing.ibm.com).

FIG. 4. Quantum channel simulating |MZ |2 (eq. 8) and related his-
tograms showing a parity violating process (simulated using the IMB
Quantum Lab (https://quantum-computing.ibm.com).

Consider, for example, how the histogram in Fig. 3 is asso-
ciated with the elements in matrix (7). A given combination
of 0’s and 1’s determines a unique matrix element according
to matrix (6) (as an example, the top-left matrix element
|MRL!RL|2 is associated with the combination "0101"), while
the associated probability amplitude gives the corresponding
value according to matrix (7). The parity preserving nature
of the electric interaction (eq. 7) can be seen in Fig. 3 by
the fact that, by substituting each 0 with a 1 and vice-versa
in each string, the same graph would be obtained. On the
other hand, in the weak interaction (eq. 8) parity violation
manifests itself via the unequal values of the chiral couplings
cL and cR. It follows that, by comparing matrix (8) with
matrix (7), we expect that matrix elements that had equal
values in the former, will be unequal in the latter. This is what
we observe in Fig. 4, where we also notice that substituting
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where cL and cR are the coupling constants of the left-chiral
and right-chiral fermions respectively. These calculations al-
ready remind one of the construction of a Choi matrix (eq.
2), and we can easily check that the obtained matrices sat-
isfy the conditions to be implemented through quantum chan-
nels (cf. Section III). In fact, using the IBM Quantum Lab
(https://quantum-computing.ibm.com/), we constructed quan-
tum channels that were able to reproduce them, which is the
subject of the next section.

C. CONSTRUCTING THE QUANTUM CHANNELS

When constructing a quantum channel (Fig. 2), we
translate observable values R, L to the Boolean computational
basis given by {0,1}. We can characterise each possible
initial-final helicity state by a string of four digits, the first
two corresponding to the helicity of the initial-state electron
and positron, and the last two corresponding to the helicity of
the final-state quarks. The first application of the Hadamard
gate (H) creates an equal superposition of all the 16 possible
combinations of initial-final helicity states. Then through
the quantum interference introduced by the action of phase
and C-NOT gates we enhance the probability amplitudes of
selected states. The final Hadamard gates ‘close’ the superpo-
sition and precede the measurement gates. It is worth noting
that quantum channels can approximate a result with as much
precision as needed, at the cost of increasing the number of
computational steps (cf. Solovay-Kitaev theorem2).

FIG. 2. Schematic representation of a quantum channel comprising
n qubits, Hadamard (H), C-NOT (+), Phase (P), and measurement
gates.

Considering the experimental measurements of the e+e� !
qq̄ (where q and q̄ are a quark and its anti-quark respectively)
cross section from LEP close to and above Z resonance (from
LEP and SLD Collaborations27, we see that the contribution to
the cross section from the QED process alone (eq. 7) presents
an evident backward-forward symmetry in the angular distri-
bution that is lost above the Z resonance as a consequence of
the parity violation which characterises the weak interaction
(eq. 8), that is manifested via different couplings for the left-
and right-chiral fermions. Figures 3-4 illustrate a simple ex-
ample of how quantum circuits can be used to compute ansatz
leading-order matrix elements for |Mg |2 and |MZ |2, which
respect the observed angular distributions (a)symmetries.

FIG. 3. Quantum channel simulating |Mg |2 (eq. 7) and related his-
tograms showing a parity preserving process (simulated using the
IMB Quantum Lab (https://quantum-computing.ibm.com).

FIG. 4. Quantum channel simulating |MZ |2 (eq. 8) and related his-
tograms showing a parity violating process (simulated using the IMB
Quantum Lab (https://quantum-computing.ibm.com).

Consider, for example, how the histogram in Fig. 3 is asso-
ciated with the elements in matrix (7). A given combination
of 0’s and 1’s determines a unique matrix element according
to matrix (6) (as an example, the top-left matrix element
|MRL!RL|2 is associated with the combination "0101"), while
the associated probability amplitude gives the corresponding
value according to matrix (7). The parity preserving nature
of the electric interaction (eq. 7) can be seen in Fig. 3 by
the fact that, by substituting each 0 with a 1 and vice-versa
in each string, the same graph would be obtained. On the
other hand, in the weak interaction (eq. 8) parity violation
manifests itself via the unequal values of the chiral couplings
cL and cR. It follows that, by comparing matrix (8) with
matrix (7), we expect that matrix elements that had equal
values in the former, will be unequal in the latter. This is what
we observe in Fig. 4, where we also notice that substituting
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where cL and cR are the coupling constants of the left-chiral
and right-chiral fermions respectively. These calculations al-
ready remind one of the construction of a Choi matrix (eq.
2), and we can easily check that the obtained matrices sat-
isfy the conditions to be implemented through quantum chan-
nels (cf. Section III). In fact, using the IBM Quantum Lab
(https://quantum-computing.ibm.com/), we constructed quan-
tum channels that were able to reproduce them, which is the
subject of the next section.

C. CONSTRUCTING THE QUANTUM CHANNELS

When constructing a quantum channel (Fig. 2), we
translate observable values R, L to the Boolean computational
basis given by {0,1}. We can characterise each possible
initial-final helicity state by a string of four digits, the first
two corresponding to the helicity of the initial-state electron
and positron, and the last two corresponding to the helicity of
the final-state quarks. The first application of the Hadamard
gate (H) creates an equal superposition of all the 16 possible
combinations of initial-final helicity states. Then through
the quantum interference introduced by the action of phase
and C-NOT gates we enhance the probability amplitudes of
selected states. The final Hadamard gates ‘close’ the superpo-
sition and precede the measurement gates. It is worth noting
that quantum channels can approximate a result with as much
precision as needed, at the cost of increasing the number of
computational steps (cf. Solovay-Kitaev theorem2).

FIG. 2. Schematic representation of a quantum channel comprising
n qubits, Hadamard (H), C-NOT (+), Phase (P), and measurement
gates.

Considering the experimental measurements of the e+e� !
qq̄ (where q and q̄ are a quark and its anti-quark respectively)
cross section from LEP close to and above Z resonance (from
LEP and SLD Collaborations27, we see that the contribution to
the cross section from the QED process alone (eq. 7) presents
an evident backward-forward symmetry in the angular distri-
bution that is lost above the Z resonance as a consequence of
the parity violation which characterises the weak interaction
(eq. 8), that is manifested via different couplings for the left-
and right-chiral fermions. Figures 3-4 illustrate a simple ex-
ample of how quantum circuits can be used to compute ansatz
leading-order matrix elements for |Mg |2 and |MZ |2, which
respect the observed angular distributions (a)symmetries.

FIG. 3. Quantum channel simulating |Mg |2 (eq. 7) and related his-
tograms showing a parity preserving process (simulated using the
IMB Quantum Lab (https://quantum-computing.ibm.com).

FIG. 4. Quantum channel simulating |MZ |2 (eq. 8) and related his-
tograms showing a parity violating process (simulated using the IMB
Quantum Lab (https://quantum-computing.ibm.com).

Consider, for example, how the histogram in Fig. 3 is asso-
ciated with the elements in matrix (7). A given combination
of 0’s and 1’s determines a unique matrix element according
to matrix (6) (as an example, the top-left matrix element
|MRL!RL|2 is associated with the combination "0101"), while
the associated probability amplitude gives the corresponding
value according to matrix (7). The parity preserving nature
of the electric interaction (eq. 7) can be seen in Fig. 3 by
the fact that, by substituting each 0 with a 1 and vice-versa
in each string, the same graph would be obtained. On the
other hand, in the weak interaction (eq. 8) parity violation
manifests itself via the unequal values of the chiral couplings
cL and cR. It follows that, by comparing matrix (8) with
matrix (7), we expect that matrix elements that had equal
values in the former, will be unequal in the latter. This is what
we observe in Fig. 4, where we also notice that substituting
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<latexit sha1_base64="O/fudngCHaZt+kmI/pHxt2026gU=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqkyKxHZX6saFQkX7gCaEyXTaDp08mJmIJeRX3LhQxK0/4s6/cdJWUNEDFw7n3Mu99/gxZ1Ih9GEUVlbX1jeKm6Wt7Z3dPXO/3JVRIgjtkIhHou9jSTkLaUcxxWk/FhQHPqc9f3qe+707KiSLwls1i6kb4HHIRoxgpSXPLKcOwRxeZl7qiAC2bq4yz6ygKtKwbZgTq44sTRqNeq3WgNbcQqgClmh75rszjEgS0FARjqUcWChWboqFYoTTrOQkksaYTPGYDjQNcUClm85vz+CxVoZwFAldoYJz9ftEigMpZ4GvOwOsJvK3l4t/eYNEjepuysI4UTQki0WjhEMVwTwIOGSCEsVnmmAimL4VkgkWmCgdV0mH8PUp/J90a1XLrtrXp5VmaxlHERyCI3ACLHAGmuACtEEHEHAPHsATeDYy49F4MV4XrQVjOXMAfsB4+wSRKpQr</latexit>

LBSM

C. Altomonte, A.Barr, M.Eckstein, P.Horodecki, KS  [2412.01892]

๏ New precision test of SM 

๏ Foundational test of QM

C. Altomonte, A.Barr [2312.02242]



High Energy Test of Quantum Mechanics

Motivation: - QM might be a low energy effective theory of more fundamental 
short-distance theory

- QM might be modified at shorter distances to be married with 
gravitation 

Gravity

Currently, no LHC analysis can distinguish between anomalies 
from QFT-based BSM and those from beyond-QFT



Possible Modifications of QMStatic: Dynamical:



Possible Modifications of QMStatic: Dynamical:

Particles may exhibit a strong correlation that 
cannot be explained within QM

Bell test

• Alice and Bob measure one of their two directions at a time and compute the correlation:

<latexit sha1_base64="FVgAUwTikBreAgApENvaUaa0fWI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJZvjNA=</latexit>

A

<latexit sha1_base64="jAsGv+gD+8QIO1ohkWh4/pqVkpo=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEfUi0c08kiAkNlhFibMzm5mek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHt1O/+cS1EZF6xHHMuyEdKBEIRtFKD9envWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxflKo3WRx5OIJjOAMPLqEKd1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QP2sI0B</latexit>

A0

<latexit sha1_base64="NyHPVUVlO6gTN6ogtLJ2PdsLuH0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8ELx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJfzjNE=</latexit>

B

<latexit sha1_base64="rgmSvyQMhNSgA8wsbQzBtCBSeXQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeCF48Y5ZHAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1FjpoXZOesWSW3bnIKvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8xPnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhDf+hMskNSjZYlGYCmJiMvub9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0nzsuxVypX7q1K1lsWRhxM4hQvw4BqqcAd1aACDATzDK7w5wnlx3p2PRWvOyWaO4Q+czx9OE40s</latexit>

B0

<latexit sha1_base64="E9JdLR49tD4c7nj7HaViXsaJSpg=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBbXMiFQ3QtGNywr2Ae1QMmmmDU0yQ5IRytBu/BU3LhRx61+482/MtLPQ1gMXDufcy733+BGjSjvOt5VbWFxaXsmvFtbWNza37O2dugpjiUkNhyyUTR8pwqggNU01I81IEsR9Rhr+4Db1G49EKhqKBz2MiMdRT9CAYqSN1LH30Ck6gtfwxIXjpC05DOVoDM/cQscuOiVnAjhP3IwUQYZqx/5qd0MccyI0ZkiplutE2kuQ1BQzMiq0Y0UihAeoR1qGCsSJ8pLJByN4aJQuDEJpSmg4UX9PJIgrNeS+6eRI99Wsl4r/ea1YB1deQkUUayLwdFEQM6hDmMYBu1QSrNnQEIQlNbdC3EcSYW1CS0NwZ1+eJ/Xzklsule8vipWbLI482AcH4Bi44BJUwB2oghrAYAyewSt4s56sF+vd+pi25qxsZhf8gfX5A5AglGw=</latexit>

a, a0 = +1 or � 1
<latexit sha1_base64="JoOYjd8qlTfgNfnXRHaaMzO4Xmo=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBbXMiFQ3QtGNywr2Ae1QMmmmDc0kQ5IRytBu/BU3LhRx61+482/MtLPQ1gMXDufcy733+BGjSjvOt5VbWFxaXsmvFtbWNza37O2duhKxxKSGBROy6SNFGOWkpqlmpBlJgkKfkYY/uE39xiORigr+oIcR8ULU4zSgGGkjdew9/9Q/gtfwxIXjpC1DKORoDM/cQscuOiVnAjhP3IwUQYZqx/5qdwWOQ8I1ZkiplutE2kuQ1BQzMiq0Y0UihAeoR1qGchQS5SWTD0bw0ChdGAhpims4UX9PJChUahj6pjNEuq9mvVT8z2vFOrjyEsqjWBOOp4uCmEEtYBoH7FJJsGZDQxCW1NwKcR9JhLUJLQ3BnX15ntTPS265VL6/KFZusjjyYB8cgGPggktQAXegCmoAgzF4Bq/gzXqyXqx362PamrOymV3wB9bnD5NUlG4=</latexit>

b, b0 = +1 or � 1

<latexit sha1_base64="ZNiiMZsOfO04Y+u550rmnlEOnuI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRPEU9OIxgnlAsobZySQZMo9lplcJS/7DiwdFvPov3vwbJ8keNLGgoajqprsrigW34PvfXm5ldW19I79Z2Nre2d0r7h80rE4MZXWqhTatiFgmuGJ14CBYKzaMyEiwZjS6mfrNR2Ys1+oexjELJRko3ueUgJMe0o6RWCdAtWSTq26x5Jf9GfAyCTJSQhlq3eJXp6dpIpkCKoi17cCPIUyJAU4FmxQ6iWUxoSMyYG1HFZHMhuns6gk+cUoP97VxpQDP1N8TKZHWjmXkOiWBoV30puJ/XjuB/mWYchUnwBSdL+onAoPG0whwjxtGQYwdIdRwdyumQ2IIBRdUwYUQLL68TBpn5aBSrtydl6rXWRx5dISO0SkK0AWqoltUQ3VEkUHP6BW9eU/ei/fufcxbc142c4j+wPv8AZzIkpo=</latexit>

outcome :
<latexit sha1_base64="ZNiiMZsOfO04Y+u550rmnlEOnuI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRPEU9OIxgnlAsobZySQZMo9lplcJS/7DiwdFvPov3vwbJ8keNLGgoajqprsrigW34PvfXm5ldW19I79Z2Nre2d0r7h80rE4MZXWqhTatiFgmuGJ14CBYKzaMyEiwZjS6mfrNR2Ys1+oexjELJRko3ueUgJMe0o6RWCdAtWSTq26x5Jf9GfAyCTJSQhlq3eJXp6dpIpkCKoi17cCPIUyJAU4FmxQ6iWUxoSMyYG1HFZHMhuns6gk+cUoP97VxpQDP1N8TKZHWjmXkOiWBoV30puJ/XjuB/mWYchUnwBSdL+onAoPG0whwjxtGQYwdIdRwdyumQ2IIBRdUwYUQLL68TBpn5aBSrtydl6rXWRx5dISO0SkK0AWqoltUQ3VEkUHP6BW9eU/ei/fufcxbc142c4j+wPv8AZzIkpo=</latexit>

outcome :

<latexit sha1_base64="z++deUsA2HKbYAzOqzpaYRCZtrE="></latexit>

hBi = (hABi+ hA0Bi) + (hAB0i � hA0B0i)

<latexit sha1_base64="a9ZfBNotEwCRIM/fimgzqO1pngQ=">AAACGnicbZDLSsNAFIYnXmu9VV26GSyCq5IUqS5L3bgRWrAXaEKZTE/boZNJOjMRSuhzuPFV3LhQxJ248W2cpllo6w8DP985hzPn9yPOlLbtb2ttfWNzazu3k9/d2z84LBwdt1QYSwpNGvJQdnyigDMBTc00h04kgQQ+h7Y/vpnX2w8gFQvFvZ5G4AVkKNiAUaIN6hUclxMx5IATlxKOazPsyhT0ElcGuHFnAIcJLmNXTaROyrNeoWiX7FR41TiZKaJM9V7h0+2HNA5AaMqJUl3HjrSXEKkZ5TDLu7GCiNAxGULXWEECUF6SnjbD54b08SCU5gmNU/p7IiGBUtPAN50B0SO1XJvD/2rdWA+uvYSJKNYg6GLRIOZYh3ieE+4zCVTzqTGESmb+iumISEK1STNvQnCWT141rXLJqZQqjctitZbFkUOn6AxdIAddoSq6RXXURBQ9omf0it6sJ+vFerc+Fq1rVjZzgv7I+voB/C6gOg==</latexit>

hBiQM  2
p
2

[Tsirelson ‘87]

<latexit sha1_base64="2m+/6LfEbvJMgZdDVhLyWtoc3qU=">AAACD3icbZDLTgIxFIY7eEO8jbp000gUDEhmjEGXgBuXmMglYSakUwo0dC62HRIy4Q3c+CpuXGiMW7fufBs7MAsF/6TJl/+ck9PzOwGjQhrGt5ZaWV1b30hvZra2d3b39P2DpvBDjkkD+8znbQcJwqhHGpJKRtoBJ8h1GGk5o5u43hoTLqjv3ctJQGwXDTzapxhJZXX108jCiMHaFFpFizyEdGwVYb5aqObOarCg6DymXFfPGiVjJrgMZgJZkKje1b+sno9Dl3gSMyRExzQCaUeIS4oZmWasUJAA4REakI5CD7lE2NHsnik8UU4P9n2unifhzP09ESFXiInrqE4XyaFYrMXmf7VOKPvXdkS9IJTEw/NF/ZBB6cM4HNijnGDJJgoQ5lT9FeIh4ghLFWFGhWAunrwMzYuSWS6V7y6zlVoSRxocgWOQBya4AhVwC+qgATB4BM/gFbxpT9qL9q59zFtTWjJzCP5I+/wBN+iYUA==</latexit>

B ⌘ (A+A0)B + (A�A0)B0

QM will be excluded if this bound is violated!

‣ No-signalling theory [Popescu, Rohrlich(1994)]
<latexit sha1_base64="JQ9myvjqasrgMsUQUTvkNL6h3lY=">AAACGHicbZDLSgMxFIYzXmu9VV26CRbBVZ2RUt0IpW5cSUVbC51azqRpDU0yQ5IRyzCP4cZXceNCEbfd+Tam0y68/RD4+M85nJw/iDjTxnU/nbn5hcWl5dxKfnVtfWOzsLXd1GGsCG2QkIeqFYCmnEnaMMxw2ooUBRFwehMMzyb1m3uqNAvltRlFtCNgIFmfETDW6hYOfQ5ywClOfAIc11Lsq8zoJr4S+OIqvc1AwEOKT3G5Wyi6JTcT/gveDIpopnq3MPZ7IYkFlYZw0LrtuZHpJKAMI5ymeT/WNAIyhAFtW5QgqO4k2WEp3rdOD/dDZZ80OHO/TyQgtB6JwHYKMHf6d21i/ldrx6Z/0kmYjGJDJZku6sccmxBPUsI9pigxfGQBiGL2r5jcgQJibJZ5G4L3++S/0DwqeZVS5bJcrNZmceTQLtpDB8hDx6iKzlEdNRBBj+gZvaI358l5cd6dj2nrnDOb2UE/5Iy/AFMbn1E=</latexit>

hBimax
NS = 4

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{ - violation of Born rule

- state can’t be written by ρ

Candidate:



Possible Modifications of QMStatic: Dynamical:

Particles may exhibit a strong correlation that 
cannot be explained within QM

Bell test

• Alice and Bob measure one of their two directions at a time and compute the correlation:

<latexit sha1_base64="FVgAUwTikBreAgApENvaUaa0fWI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJZvjNA=</latexit>

A

<latexit sha1_base64="jAsGv+gD+8QIO1ohkWh4/pqVkpo=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEfUi0c08kiAkNlhFibMzm5mek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHt1O/+cS1EZF6xHHMuyEdKBEIRtFKD9envWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxflKo3WRx5OIJjOAMPLqEKd1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QP2sI0B</latexit>

A0

<latexit sha1_base64="NyHPVUVlO6gTN6ogtLJ2PdsLuH0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8ELx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJfzjNE=</latexit>

B

<latexit sha1_base64="rgmSvyQMhNSgA8wsbQzBtCBSeXQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeCF48Y5ZHAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1FjpoXZOesWSW3bnIKvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8xPnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhDf+hMskNSjZYlGYCmJiMvub9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0nzsuxVypX7q1K1lsWRhxM4hQvw4BqqcAd1aACDATzDK7w5wnlx3p2PRWvOyWaO4Q+czx9OE40s</latexit>

B0

<latexit sha1_base64="E9JdLR49tD4c7nj7HaViXsaJSpg=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBbXMiFQ3QtGNywr2Ae1QMmmmDU0yQ5IRytBu/BU3LhRx61+482/MtLPQ1gMXDufcy733+BGjSjvOt5VbWFxaXsmvFtbWNza37O2dugpjiUkNhyyUTR8pwqggNU01I81IEsR9Rhr+4Db1G49EKhqKBz2MiMdRT9CAYqSN1LH30Ck6gtfwxIXjpC05DOVoDM/cQscuOiVnAjhP3IwUQYZqx/5qd0MccyI0ZkiplutE2kuQ1BQzMiq0Y0UihAeoR1qGCsSJ8pLJByN4aJQuDEJpSmg4UX9PJIgrNeS+6eRI99Wsl4r/ea1YB1deQkUUayLwdFEQM6hDmMYBu1QSrNnQEIQlNbdC3EcSYW1CS0NwZ1+eJ/Xzklsule8vipWbLI482AcH4Bi44BJUwB2oghrAYAyewSt4s56sF+vd+pi25qxsZhf8gfX5A5AglGw=</latexit>

a, a0 = +1 or � 1
<latexit sha1_base64="JoOYjd8qlTfgNfnXRHaaMzO4Xmo=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBbXMiFQ3QtGNywr2Ae1QMmmmDc0kQ5IRytBu/BU3LhRx61+482/MtLPQ1gMXDufcy733+BGjSjvOt5VbWFxaXsmvFtbWNza37O2duhKxxKSGBROy6SNFGOWkpqlmpBlJgkKfkYY/uE39xiORigr+oIcR8ULU4zSgGGkjdew9/9Q/gtfwxIXjpC1DKORoDM/cQscuOiVnAjhP3IwUQYZqx/5qdwWOQ8I1ZkiplutE2kuQ1BQzMiq0Y0UihAeoR1qGchQS5SWTD0bw0ChdGAhpims4UX9PJChUahj6pjNEuq9mvVT8z2vFOrjyEsqjWBOOp4uCmEEtYBoH7FJJsGZDQxCW1NwKcR9JhLUJLQ3BnX15ntTPS265VL6/KFZusjjyYB8cgGPggktQAXegCmoAgzF4Bq/gzXqyXqx362PamrOymV3wB9bnD5NUlG4=</latexit>

b, b0 = +1 or � 1

<latexit sha1_base64="ZNiiMZsOfO04Y+u550rmnlEOnuI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRPEU9OIxgnlAsobZySQZMo9lplcJS/7DiwdFvPov3vwbJ8keNLGgoajqprsrigW34PvfXm5ldW19I79Z2Nre2d0r7h80rE4MZXWqhTatiFgmuGJ14CBYKzaMyEiwZjS6mfrNR2Ys1+oexjELJRko3ueUgJMe0o6RWCdAtWSTq26x5Jf9GfAyCTJSQhlq3eJXp6dpIpkCKoi17cCPIUyJAU4FmxQ6iWUxoSMyYG1HFZHMhuns6gk+cUoP97VxpQDP1N8TKZHWjmXkOiWBoV30puJ/XjuB/mWYchUnwBSdL+onAoPG0whwjxtGQYwdIdRwdyumQ2IIBRdUwYUQLL68TBpn5aBSrtydl6rXWRx5dISO0SkK0AWqoltUQ3VEkUHP6BW9eU/ei/fufcxbc142c4j+wPv8AZzIkpo=</latexit>

outcome :
<latexit sha1_base64="ZNiiMZsOfO04Y+u550rmnlEOnuI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRPEU9OIxgnlAsobZySQZMo9lplcJS/7DiwdFvPov3vwbJ8keNLGgoajqprsrigW34PvfXm5ldW19I79Z2Nre2d0r7h80rE4MZXWqhTatiFgmuGJ14CBYKzaMyEiwZjS6mfrNR2Ys1+oexjELJRko3ueUgJMe0o6RWCdAtWSTq26x5Jf9GfAyCTJSQhlq3eJXp6dpIpkCKoi17cCPIUyJAU4FmxQ6iWUxoSMyYG1HFZHMhuns6gk+cUoP97VxpQDP1N8TKZHWjmXkOiWBoV30puJ/XjuB/mWYchUnwBSdL+onAoPG0whwjxtGQYwdIdRwdyumQ2IIBRdUwYUQLL68TBpn5aBSrtydl6rXWRx5dISO0SkK0AWqoltUQ3VEkUHP6BW9eU/ei/fufcxbc142c4j+wPv8AZzIkpo=</latexit>

outcome :

<latexit sha1_base64="z++deUsA2HKbYAzOqzpaYRCZtrE="></latexit>

hBi = (hABi+ hA0Bi) + (hAB0i � hA0B0i)

<latexit sha1_base64="a9ZfBNotEwCRIM/fimgzqO1pngQ=">AAACGnicbZDLSsNAFIYnXmu9VV26GSyCq5IUqS5L3bgRWrAXaEKZTE/boZNJOjMRSuhzuPFV3LhQxJ248W2cpllo6w8DP985hzPn9yPOlLbtb2ttfWNzazu3k9/d2z84LBwdt1QYSwpNGvJQdnyigDMBTc00h04kgQQ+h7Y/vpnX2w8gFQvFvZ5G4AVkKNiAUaIN6hUclxMx5IATlxKOazPsyhT0ElcGuHFnAIcJLmNXTaROyrNeoWiX7FR41TiZKaJM9V7h0+2HNA5AaMqJUl3HjrSXEKkZ5TDLu7GCiNAxGULXWEECUF6SnjbD54b08SCU5gmNU/p7IiGBUtPAN50B0SO1XJvD/2rdWA+uvYSJKNYg6GLRIOZYh3ieE+4zCVTzqTGESmb+iumISEK1STNvQnCWT141rXLJqZQqjctitZbFkUOn6AxdIAddoSq6RXXURBQ9omf0it6sJ+vFerc+Fq1rVjZzgv7I+voB/C6gOg==</latexit>

hBiQM  2
p
2

[Tsirelson ‘87]

<latexit sha1_base64="2m+/6LfEbvJMgZdDVhLyWtoc3qU=">AAACD3icbZDLTgIxFIY7eEO8jbp000gUDEhmjEGXgBuXmMglYSakUwo0dC62HRIy4Q3c+CpuXGiMW7fufBs7MAsF/6TJl/+ck9PzOwGjQhrGt5ZaWV1b30hvZra2d3b39P2DpvBDjkkD+8znbQcJwqhHGpJKRtoBJ8h1GGk5o5u43hoTLqjv3ctJQGwXDTzapxhJZXX108jCiMHaFFpFizyEdGwVYb5aqObOarCg6DymXFfPGiVjJrgMZgJZkKje1b+sno9Dl3gSMyRExzQCaUeIS4oZmWasUJAA4REakI5CD7lE2NHsnik8UU4P9n2unifhzP09ESFXiInrqE4XyaFYrMXmf7VOKPvXdkS9IJTEw/NF/ZBB6cM4HNijnGDJJgoQ5lT9FeIh4ghLFWFGhWAunrwMzYuSWS6V7y6zlVoSRxocgWOQBya4AhVwC+qgATB4BM/gFbxpT9qL9q59zFtTWjJzCP5I+/wBN+iYUA==</latexit>

B ⌘ (A+A0)B + (A�A0)B0

QM will be excluded if this bound is violated!

‣ No-signalling theory [Popescu, Rohrlich(1994)]
<latexit sha1_base64="JQ9myvjqasrgMsUQUTvkNL6h3lY=">AAACGHicbZDLSgMxFIYzXmu9VV26CRbBVZ2RUt0IpW5cSUVbC51azqRpDU0yQ5IRyzCP4cZXceNCEbfd+Tam0y68/RD4+M85nJw/iDjTxnU/nbn5hcWl5dxKfnVtfWOzsLXd1GGsCG2QkIeqFYCmnEnaMMxw2ooUBRFwehMMzyb1m3uqNAvltRlFtCNgIFmfETDW6hYOfQ5ywClOfAIc11Lsq8zoJr4S+OIqvc1AwEOKT3G5Wyi6JTcT/gveDIpopnq3MPZ7IYkFlYZw0LrtuZHpJKAMI5ymeT/WNAIyhAFtW5QgqO4k2WEp3rdOD/dDZZ80OHO/TyQgtB6JwHYKMHf6d21i/ldrx6Z/0kmYjGJDJZku6sccmxBPUsI9pigxfGQBiGL2r5jcgQJibJZ5G4L3++S/0DwqeZVS5bJcrNZmceTQLtpDB8hDx6iKzlEdNRBBj+gZvaI358l5cd6dj2nrnDOb2UE/5Iy/AFMbn1E=</latexit>

hBimax
NS = 4

Quantum dynamics may be modified.Quantum dynamics may be modified.

- Schrodinger evolution 
- Wave function collapse  

‣ Non-linear extensions of QM:

non-linear state-dependent term

<latexit sha1_base64="E5V7EvX0EOZtYVanpv7pEr1pG0U="></latexit>

i@t|�i =
Z

d3x
h
Ĥ(x) + h�|Ô1(x)|�iÔ2(x)

i
|�i

[Weinberg (1989), Polchinski (1991), D.E.Kaplan, Rajendran (2021)]

Proposed method can detect modifications of 
quantum dynamics

<latexit sha1_base64="KoYXhv+GqV2su7WRf1UogZv6VJQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmBjILmF2MkmGzGOdmQ2EJd/hxYMiXv0Yb/6Nk2QPmljQUFR1090VJ5wZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNLtGBvKmaRNyyyn7URTLGJOH+PR7cx/HFNtmJIPdpLQSOCBZH1GsHVSFOqh6mahFojJabdc8av+HGiVBDmpQI5Gt/wV9hRJBZWWcGxMJ/ATG2VYW0Y4nZbC1NAEkxEe0I6jEgtqomx+9BSdOaWH+kq7khbN1d8TGRbGTETsOgW2Q7PszcT/vE5q+9dRxmSSWirJYlE/5cgqNEsA9ZimxPKJI5ho5m5FZIg1JtblVHIhBMsvr5LWRTWoVWv3l5X6TR5HEU7gFM4hgCuowx00oAkEnuAZXuHNG3sv3rv3sWgtePnMMfyB9/kD6JaSNQ==</latexit>⇢in
<latexit sha1_base64="SR/Vz+O+N8gAjdAA5fqxhlTPCRE=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxWME84BkDbOT2WTIPJaZXiUs+Q8vHhTx6r9482+cJHvQxIKGoqqb7q4oEdyC7397K6tr6xubha3i9s7u3n7p4LBpdWooa1AttGlHxDLBFWsAB8HaiWFERoK1otHN1G89MmO5VvcwTlgoyUDxmFMCTnromqHuZV0jsU5h0iuV/Yo/A14mQU7KKEe9V/rq9jVNJVNABbG2E/gJhBkxwKlgk2I3tSwhdEQGrOOoIpLZMJtdPcGnTunjWBtXCvBM/T2REWntWEauUxIY2kVvKv7ndVKIr8KMqyQFpuh8UZwKDBpPI8B9bhgFMXaEUMPdrZgOiSEUXFBFF0Kw+PIyaZ5XgmqlendRrl3ncRTQMTpBZyhAl6iGblEdNRBFBj2jV/TmPXkv3rv3MW9d8fKZI/QH3ucP1mqSwA==</latexit>⇢out

<latexit sha1_base64="indq5Y8+FFGsiTvvygaeHlVg2TM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5NnjM4=</latexit>

?

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{ - violation of Born rule

- state can’t be written by ρ

Candidate:

Candidate:



Spin-Spin transition as 

an open quantum system

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="LvKNrtmrN5M5xsPQphvETLf3Lnk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4Px7cxvP3FthIofcJJwP6LDWISCUbRSqxdQTbBfrrhVdw6ySrycVCBHo1/+6g0USyMeI5PUmK7nJuhnVKNgkk9LvdTwhLIxHfKupTGNuPGz+bVTcmaVAQmVthUjmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UzESYo8ZotFYSoJKjJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/Mj6O5g==</latexit>

t̄
<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+
<latexit sha1_base64="gVBoEAcsViAEGYnZWbOWXW29xb4="></latexit>

Hin = C2
e� ⌦ C2

e+ 3

<latexit sha1_base64="ZiLiVpzegV/blguQSiBUx4rBYYQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKqRpTeuu6MZlBfuAtobJdNoOnWTCzERaQn7FjQtF3Poj7vwbJ20FFT1w4XDOvdx7jx8xKpVtfxi5tfWNza38dmFnd2//wDwstiWPBSYtzBkXXR9JwmhIWooqRrqRICjwGen406vM79wTISkPb9U8IoMAjUM6ohgpLXlmsS8m3EuSvgggj1Wa3s08s2RbF3XXOXegbdl2zam4GXFqVacCy1rJUAIrND3zvT/kOA5IqDBDUvbKdqQGCRKKYkbSQj+WJEJ4isakp2mIAiIHyeL2FJ5qZQhHXOgKFVyo3ycSFEg5D3zdGSA1kb+9TPzL68VqVB8kNIxiRUK8XDSKGVQcZkHAIRUEKzbXBGFB9a0QT5BAWOm4CjqEr0/h/6TtWGXXcm+qpcblKo48OAYn4AyUQQ00wDVoghbAYAYewBN4NlLj0XgxXpetOWM1cwR+wHj7BBwZlSs=</latexit>

⇢xout
<latexit sha1_base64="JHxjwTGTR5hAIyrCfE//AMnjaz4="></latexit>

2 C2
t ⌦ C2

t̄ = Hout

: momentum label for x tt̄
<latexit sha1_base64="6UGmWcx1mQ/HdtxKe0H2sl3iEYg=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KpkiY7srunFZwT6gM5RMmmlDM8mYZApl6He4caGIWz/GnX9jpq2gogcuHM65l3vvCRPOtEHowymsrW9sbhW3Szu7e/sH5cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uc797pQqzaS4M7OEBjEeCRYxgo2VAl+N5SDzVQyZmA/KFVRFFp4Hc+LWkWtJo1Gv1RrQXVgIVcAKrUH53R9KksZUGMKx1n0XJSbIsDKMcDov+ammCSYTPKJ9SwWOqQ6yxdFzeGaVIYyksiUMXKjfJzIcaz2LQ9sZYzPWv71c/MvrpyaqBxkTSWqoIMtFUcqhkTBPAA6ZosTwmSWYKGZvhWSMFSbG5lSyIXx9Cv8nnVrV9are7UWlebWKowhOwCk4By64BE1wA1qgDQi4Bw/gCTw7U+fReXFel60FZzVzDH7AefsEP+qScg==</latexit>⇢in



Spin-Spin transition as 

an open quantum system

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="LvKNrtmrN5M5xsPQphvETLf3Lnk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4Px7cxvP3FthIofcJJwP6LDWISCUbRSqxdQTbBfrrhVdw6ySrycVCBHo1/+6g0USyMeI5PUmK7nJuhnVKNgkk9LvdTwhLIxHfKupTGNuPGz+bVTcmaVAQmVthUjmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UzESYo8ZotFYSoJKjJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/Mj6O5g==</latexit>

t̄
<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+
<latexit sha1_base64="gVBoEAcsViAEGYnZWbOWXW29xb4="></latexit>

Hin = C2
e� ⌦ C2

e+ 3

<latexit sha1_base64="ZiLiVpzegV/blguQSiBUx4rBYYQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKqRpTeuu6MZlBfuAtobJdNoOnWTCzERaQn7FjQtF3Poj7vwbJ20FFT1w4XDOvdx7jx8xKpVtfxi5tfWNza38dmFnd2//wDwstiWPBSYtzBkXXR9JwmhIWooqRrqRICjwGen406vM79wTISkPb9U8IoMAjUM6ohgpLXlmsS8m3EuSvgggj1Wa3s08s2RbF3XXOXegbdl2zam4GXFqVacCy1rJUAIrND3zvT/kOA5IqDBDUvbKdqQGCRKKYkbSQj+WJEJ4isakp2mIAiIHyeL2FJ5qZQhHXOgKFVyo3ycSFEg5D3zdGSA1kb+9TPzL68VqVB8kNIxiRUK8XDSKGVQcZkHAIRUEKzbXBGFB9a0QT5BAWOm4CjqEr0/h/6TtWGXXcm+qpcblKo48OAYn4AyUQQ00wDVoghbAYAYewBN4NlLj0XgxXpetOWM1cwR+wHj7BBwZlSs=</latexit>

⇢xout
<latexit sha1_base64="JHxjwTGTR5hAIyrCfE//AMnjaz4="></latexit>

2 C2
t ⌦ C2

t̄ = Hout

: momentum label for x tt̄

<latexit sha1_base64="+M8FN6OUrljKujAIBEODS3HlT38="></latexit>

ωtotalin = ωin → ωωpe+ωpe→

momentume+e−

<latexit sha1_base64="6UGmWcx1mQ/HdtxKe0H2sl3iEYg=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KpkiY7srunFZwT6gM5RMmmlDM8mYZApl6He4caGIWz/GnX9jpq2gogcuHM65l3vvCRPOtEHowymsrW9sbhW3Szu7e/sH5cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uc797pQqzaS4M7OEBjEeCRYxgo2VAl+N5SDzVQyZmA/KFVRFFp4Hc+LWkWtJo1Gv1RrQXVgIVcAKrUH53R9KksZUGMKx1n0XJSbIsDKMcDov+ammCSYTPKJ9SwWOqQ6yxdFzeGaVIYyksiUMXKjfJzIcaz2LQ9sZYzPWv71c/MvrpyaqBxkTSWqoIMtFUcqhkTBPAA6ZosTwmSWYKGZvhWSMFSbG5lSyIXx9Cv8nnVrV9are7UWlebWKowhOwCk4By64BE1wA1qgDQi4Bw/gCTw7U+fReXFel60FZzVzDH7AefsEP+qScg==</latexit>⇢in



Spin-Spin transition as 

an open quantum system

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="LvKNrtmrN5M5xsPQphvETLf3Lnk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4Px7cxvP3FthIofcJJwP6LDWISCUbRSqxdQTbBfrrhVdw6ySrycVCBHo1/+6g0USyMeI5PUmK7nJuhnVKNgkk9LvdTwhLIxHfKupTGNuPGz+bVTcmaVAQmVthUjmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UzESYo8ZotFYSoJKjJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/Mj6O5g==</latexit>

t̄
<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+
<latexit sha1_base64="gVBoEAcsViAEGYnZWbOWXW29xb4="></latexit>

Hin = C2
e� ⌦ C2

e+ 3

<latexit sha1_base64="ZiLiVpzegV/blguQSiBUx4rBYYQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKqRpTeuu6MZlBfuAtobJdNoOnWTCzERaQn7FjQtF3Poj7vwbJ20FFT1w4XDOvdx7jx8xKpVtfxi5tfWNza38dmFnd2//wDwstiWPBSYtzBkXXR9JwmhIWooqRrqRICjwGen406vM79wTISkPb9U8IoMAjUM6ohgpLXlmsS8m3EuSvgggj1Wa3s08s2RbF3XXOXegbdl2zam4GXFqVacCy1rJUAIrND3zvT/kOA5IqDBDUvbKdqQGCRKKYkbSQj+WJEJ4isakp2mIAiIHyeL2FJ5qZQhHXOgKFVyo3ycSFEg5D3zdGSA1kb+9TPzL68VqVB8kNIxiRUK8XDSKGVQcZkHAIRUEKzbXBGFB9a0QT5BAWOm4CjqEr0/h/6TtWGXXcm+qpcblKo48OAYn4AyUQQ00wDVoghbAYAYewBN4NlLj0XgxXpetOWM1cwR+wHj7BBwZlSs=</latexit>

⇢xout
<latexit sha1_base64="JHxjwTGTR5hAIyrCfE//AMnjaz4="></latexit>

2 C2
t ⌦ C2

t̄ = Hout

: momentum label for x tt̄

<latexit sha1_base64="+M8FN6OUrljKujAIBEODS3HlT38="></latexit>

ωtotalin = ωin → ωωpe+ωpe→

momentume+e−

<latexit sha1_base64="XBDOkUCxXz9C54fR8tKqKpmK+Ho=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUIFcYKFsai0ofUpJHjuK1Vx4lsB6mK8gUs/AoLAwixMrPxN7hpBmg5kqWjc+7V9Tl+zKhUlvVtlNbWNza3ytuVnd29/QPz8Kgro0Rg0sERi0TfR5IwyklHUcVIPxYEhT4jPX96M/d7D0RIGvF7NYuJG6IxpyOKkdKSZ9baQydA4zER0BGTyEsdEULKs2FOVKQQy2DbM6tW3coBV4ldkCoo0PLMLyeIcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0ZgMNOUoJNJN8zgZrGklgKNI6McVzNXfGykKpZyFvp4MkZrIZW8u/ucNEjW6clPK40QRjheHRgnTMeG8GxhQQbBiM00QFlT/FeIJEggr3WBFl2AvR14l3fO63ag37i6qzeuijjI4AafgDNjgEjTBLWiBDsDgETyDV/BmPBkvxrvxsRgtGcXOMfgD4/MHLaOcNQ==</latexit>

S†ωtotalin S

Unitary evolution

<latexit sha1_base64="YnqC5oMSCB7IS+JyGPaA48WEmQ4=">AAACBnicbVDLSgMxFM3UV62vqksRgkVwVWZEqhuh6MZlBfuAtg6ZNNOGJpMhuSOUoSs3/oobF4q49Rvc+Tem0y609UDgcM693JwTxIIbcN1vJ7e0vLK6ll8vbGxube8Ud/caRiWasjpVQulWQAwTPGJ14CBYK9aMyECwZjC8nvjNB6YNV9EdjGLWlaQf8ZBTAlbyi4eXuKMHyk87WmKVwPg+Y6CAiDH2iyW37GbAi8SbkRKaoeYXvzo9RRPJIqCCGNP23Bi6KdHAqWDjQicxLCZ0SPqsbWlEJDPdNIsxxsdW6eFQafsiwJn6eyMl0piRDOykJDAw895E/M9rJxBedFMexQmwiE4PhYmwKfGkE9zjmlEQI0sI1dz+FdMB0YSCba5gS/DmIy+SxmnZq5Qrt2el6tWsjjw6QEfoBHnoHFXRDaqhOqLoET2jV/TmPDkvzrvzMR3NObOdffQHzucP/x+Y2Q==</latexit>

= ωtotalout
<latexit sha1_base64="pbJOdM+ur3z+WErbemQ9PIQrg/8=">AAACEHicbZDNSgMxFIUz9a/Wv6pLN8EiCtYyI1JdFt24rGA7hc5YMpm0DU1mhuSOUEofwY2v4saFIm5duvNtTNtZaPVCwsc595LcEySCa7DtLyu3sLi0vJJfLaytb2xuFbd3mjpOFWUNGotYtQKimeARawAHwVqJYkQGgrnB4Griu/dMaR5HtzBMmC9JL+JdTgkYqVM8BOwFRGEoY0+md8fT+6SMXYPuBDwaxqBxp1iyK/a08F9wMiihrOqd4qcXxjSVLAIqiNZtx07AHxEFnAo2LnipZgmhA9JjbYMRkUz7o+lCY3xglBB3Y2VOBHiq/pwYEan1UAamUxLo63lvIv7ntVPoXvgjHiUpsIjOHuqmAkOMJ+ngkCtGQQwNEKq4+SumfaIIBZNhwYTgzK/8F5qnFadaqd6clWqXWRx5tIf20RFy0DmqoWtURw1E0QN6Qi/o1Xq0nq03633WmrOymV30q6yPb+0JmgQ=</latexit>

tt̄, µ+µ→,W+W→, · · ·

<latexit sha1_base64="6UGmWcx1mQ/HdtxKe0H2sl3iEYg=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KpkiY7srunFZwT6gM5RMmmlDM8mYZApl6He4caGIWz/GnX9jpq2gogcuHM65l3vvCRPOtEHowymsrW9sbhW3Szu7e/sH5cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uc797pQqzaS4M7OEBjEeCRYxgo2VAl+N5SDzVQyZmA/KFVRFFp4Hc+LWkWtJo1Gv1RrQXVgIVcAKrUH53R9KksZUGMKx1n0XJSbIsDKMcDov+ammCSYTPKJ9SwWOqQ6yxdFzeGaVIYyksiUMXKjfJzIcaz2LQ9sZYzPWv71c/MvrpyaqBxkTSWqoIMtFUcqhkTBPAA6ZosTwmSWYKGZvhWSMFSbG5lSyIXx9Cv8nnVrV9are7UWlebWKowhOwCk4By64BE1wA1qgDQi4Bw/gCTw7U+fReXFel60FZzVzDH7AefsEP+qScg==</latexit>⇢in



Spin-Spin transition as 

an open quantum system

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="LvKNrtmrN5M5xsPQphvETLf3Lnk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4Px7cxvP3FthIofcJJwP6LDWISCUbRSqxdQTbBfrrhVdw6ySrycVCBHo1/+6g0USyMeI5PUmK7nJuhnVKNgkk9LvdTwhLIxHfKupTGNuPGz+bVTcmaVAQmVthUjmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UzESYo8ZotFYSoJKjJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/Mj6O5g==</latexit>

t̄
<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+
<latexit sha1_base64="gVBoEAcsViAEGYnZWbOWXW29xb4="></latexit>

Hin = C2
e� ⌦ C2

e+ 3
<latexit sha1_base64="6UGmWcx1mQ/HdtxKe0H2sl3iEYg=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KpkiY7srunFZwT6gM5RMmmlDM8mYZApl6He4caGIWz/GnX9jpq2gogcuHM65l3vvCRPOtEHowymsrW9sbhW3Szu7e/sH5cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uc797pQqzaS4M7OEBjEeCRYxgo2VAl+N5SDzVQyZmA/KFVRFFp4Hc+LWkWtJo1Gv1RrQXVgIVcAKrUH53R9KksZUGMKx1n0XJSbIsDKMcDov+ammCSYTPKJ9SwWOqQ6yxdFzeGaVIYyksiUMXKjfJzIcaz2LQ9sZYzPWv71c/MvrpyaqBxkTSWqoIMtFUcqhkTBPAA6ZosTwmSWYKGZvhWSMFSbG5lSyIXx9Cv8nnVrV9are7UWlebWKowhOwCk4By64BE1wA1qgDQi4Bw/gCTw7U+fReXFel60FZzVzDH7AefsEP+qScg==</latexit>⇢in

<latexit sha1_base64="ZiLiVpzegV/blguQSiBUx4rBYYQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKqRpTeuu6MZlBfuAtobJdNoOnWTCzERaQn7FjQtF3Poj7vwbJ20FFT1w4XDOvdx7jx8xKpVtfxi5tfWNza38dmFnd2//wDwstiWPBSYtzBkXXR9JwmhIWooqRrqRICjwGen406vM79wTISkPb9U8IoMAjUM6ohgpLXlmsS8m3EuSvgggj1Wa3s08s2RbF3XXOXegbdl2zam4GXFqVacCy1rJUAIrND3zvT/kOA5IqDBDUvbKdqQGCRKKYkbSQj+WJEJ4isakp2mIAiIHyeL2FJ5qZQhHXOgKFVyo3ycSFEg5D3zdGSA1kb+9TPzL68VqVB8kNIxiRUK8XDSKGVQcZkHAIRUEKzbXBGFB9a0QT5BAWOm4CjqEr0/h/6TtWGXXcm+qpcblKo48OAYn4AyUQQ00wDVoghbAYAYewBN4NlLj0XgxXpetOWM1cwR+wHj7BBwZlSs=</latexit>

⇢xout
<latexit sha1_base64="JHxjwTGTR5hAIyrCfE//AMnjaz4="></latexit>

2 C2
t ⌦ C2

t̄ = Hout

: momentum label for x tt̄

<latexit sha1_base64="+M8FN6OUrljKujAIBEODS3HlT38="></latexit>

ωtotalin = ωin → ωωpe+ωpe→

momentume+e−

<latexit sha1_base64="XBDOkUCxXz9C54fR8tKqKpmK+Ho=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUIFcYKFsai0ofUpJHjuK1Vx4lsB6mK8gUs/AoLAwixMrPxN7hpBmg5kqWjc+7V9Tl+zKhUlvVtlNbWNza3ytuVnd29/QPz8Kgro0Rg0sERi0TfR5IwyklHUcVIPxYEhT4jPX96M/d7D0RIGvF7NYuJG6IxpyOKkdKSZ9baQydA4zER0BGTyEsdEULKs2FOVKQQy2DbM6tW3coBV4ldkCoo0PLMLyeIcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0ZgMNOUoJNJN8zgZrGklgKNI6McVzNXfGykKpZyFvp4MkZrIZW8u/ucNEjW6clPK40QRjheHRgnTMeG8GxhQQbBiM00QFlT/FeIJEggr3WBFl2AvR14l3fO63ag37i6qzeuijjI4AafgDNjgEjTBLWiBDsDgETyDV/BmPBkvxrvxsRgtGcXOMfgD4/MHLaOcNQ==</latexit>

S†ωtotalin S

Unitary evolution

<latexit sha1_base64="YnqC5oMSCB7IS+JyGPaA48WEmQ4=">AAACBnicbVDLSgMxFM3UV62vqksRgkVwVWZEqhuh6MZlBfuAtg6ZNNOGJpMhuSOUoSs3/oobF4q49Rvc+Tem0y609UDgcM693JwTxIIbcN1vJ7e0vLK6ll8vbGxube8Ud/caRiWasjpVQulWQAwTPGJ14CBYK9aMyECwZjC8nvjNB6YNV9EdjGLWlaQf8ZBTAlbyi4eXuKMHyk87WmKVwPg+Y6CAiDH2iyW37GbAi8SbkRKaoeYXvzo9RRPJIqCCGNP23Bi6KdHAqWDjQicxLCZ0SPqsbWlEJDPdNIsxxsdW6eFQafsiwJn6eyMl0piRDOykJDAw895E/M9rJxBedFMexQmwiE4PhYmwKfGkE9zjmlEQI0sI1dz+FdMB0YSCba5gS/DmIy+SxmnZq5Qrt2el6tWsjjw6QEfoBHnoHFXRDaqhOqLoET2jV/TmPDkvzrvzMR3NObOdffQHzucP/x+Y2Q==</latexit>

= ωtotalout
<latexit sha1_base64="pbJOdM+ur3z+WErbemQ9PIQrg/8=">AAACEHicbZDNSgMxFIUz9a/Wv6pLN8EiCtYyI1JdFt24rGA7hc5YMpm0DU1mhuSOUEofwY2v4saFIm5duvNtTNtZaPVCwsc595LcEySCa7DtLyu3sLi0vJJfLaytb2xuFbd3mjpOFWUNGotYtQKimeARawAHwVqJYkQGgrnB4Griu/dMaR5HtzBMmC9JL+JdTgkYqVM8BOwFRGEoY0+md8fT+6SMXYPuBDwaxqBxp1iyK/a08F9wMiihrOqd4qcXxjSVLAIqiNZtx07AHxEFnAo2LnipZgmhA9JjbYMRkUz7o+lCY3xglBB3Y2VOBHiq/pwYEan1UAamUxLo63lvIv7ntVPoXvgjHiUpsIjOHuqmAkOMJ+ngkCtGQQwNEKq4+SumfaIIBZNhwYTgzK/8F5qnFadaqd6clWqXWRx5tIf20RFy0DmqoWtURw1E0QN6Qi/o1Xq0nq03633WmrOymV30q6yPb+0JmgQ=</latexit>

tt̄, µ+µ→,W+W→, · · ·

<latexit sha1_base64="kXkGSsvDWDiEoh2aqWZOlR5MK6E=">AAAB+nicdVDLTgIxFO34RHyBLt00EhNXZGbAAXdENy4xkUcCSDqlAw3tdNJ2VDLyKW5caIxbv8Sdf2MHMFGjJ7nJyTn35t57/IhRpW37w1paXlldW89sZDe3tnd2c/m9phKxxKSBBROy7SNFGA1JQ1PNSDuSBHGfkZY/Pk/91g2RiorwSk8i0uNoGNKAYqSN1M/lu3Ik+klXcihiPb2+g/1cwS6eVj33xIV20bYrbslLiVspuyXoGCVFASxQ7+feuwOBY05CjRlSquPYke4lSGqKGZlmu7EiEcJjNCQdQ0PEieols9On8MgoAxgIaSrUcKZ+n0gQV2rCfdPJkR6p314q/uV1Yh1UewkNo1iTEM8XBTGDWsA0BzigkmDNJoYgLKm5FeIRkghrk1bWhPD1KfyfNN2i4xW9y3KhdraIIwMOwCE4Bg6ogBq4AHXQABjcggfwBJ6te+vRerFe561L1mJmH/yA9fYJp4yUSQ==</latexit>

ωxout
<latexit sha1_base64="FIxWtW/mi8cqx8Oan4c0xTKr0Pw="></latexit>

Trωptωpt̄

[
Px
tt̄ · ω

total
out · Px

tt̄

]
=

projectiontrace out 

 momentumtt̄



<latexit sha1_base64="xMtFFUQ/E54raL07LdyOD8thofo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DEogscI5gHZJcxOepMhs7PLzKwQ1vyGFw+KePVnvPk3Th4HTSxoKKq66e4KU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfitR1SaJ/LBjFIMYtqXPOKMGiv5Ty7xFZV9gd3bbqnsVtwpyDLx5qQMc9S7pS+/l7AsRmmYoFp3PDc1QU6V4UzguOhnGlPKhrSPHUsljVEH+fTmMTm1So9EibIlDZmqvydyGms9ikPbGVMz0IveRPzP62QmugpyLtPMoGSzRVEmiEnIJADS4wqZESNLKFPc3krYgCrKjI2paEPwFl9eJs3ziletVO8vyrXreRwFOIYTOAMPLqEGd1CHBjBI4Rle4c3JnBfn3fmYta4485kj+APn8wdZ+JFC</latexit>

|0iE
<latexit sha1_base64="1ul/fgyCQo4HCWinLVMcYw14UPI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRhB4r2A/oriWbZtvQbLIkWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZemHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjEeCBYxgo2VHnwmUOYTzFF90rvtlcpuxZ0BLRMvJ2XI0eiVvvy+JGlMhSEca9313MQEGVaGEU4nRT/VNMFkhAe0a6nAMdVBNrt6gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv953dREV0HGRJIaKsh8UZRyZCSaRoD6TFFi+NgSTBSztyIyxAoTY4Mq2hC8xZeXSeu84lUr1buLcu06j6MAx3ACZ+DBJdSgDg1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwCdO5H0</latexit>

2 HE

<latexit sha1_base64="dBr3zsVAEcoMluyMwE2d7apuOe4=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjMirRuhKILLCvYBnTJk0rQNzSRDckcobT/Fjb/ixoUiutOvMW1noa0XQg7nnMu994Sx4AZc98vJrKyurW9kN3Nb2zu7e/n9g7pRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDq6neuOBacOVvIdhzNoR6Une5ZSApYJ82QcuOgz7uq8CF1/isWsxkT1hOTH/XTwObrCvgEfMpM4gX3CL7qzwMvBSUEBpVYP8p99RNImYBCqIMS3PjaE9Iho4FWyS8xPDYkIHpMdaFkpiZ7VHswMn+MQyHdxV2j4JeMb+7hiRyJhhFFpnRKBvFrUp+Z/WSqB70R5xGSfAJJ0P6iYCg8LTtHCHa0ZBDC0gVHO7K6Z9ogkFm2nOhuAtnrwM6mdFr1Qs3Z0XKldpHFl0hI7RKfJQGVXQLaqiGqLoET2jV/TmPDkvzrvzMbdmnLTnEP0p5/sH6YShnA==</latexit>

⇢̃0 = |0ih0|E ⌦ ⇢0

<latexit sha1_base64="20KbOWfHJOsiL/Go7sdcFjHUJJY=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIZakShApjBUvHIuhFaqLIcd3WqmNHtoNURZlZeBUWBhBi5QnYeBvcNgO0/JKlT/85R8fnD2NGlXacb6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0SKMMpJS1PNSDeWBEUhI51wfDOtdx6IVFTwez2JiR+hIacDipE2VmAfe3IkAgd6lMPUw4jBu6wyh0YWpE52Fthlp+rMBJfBzaEMcjUD+8vrC5xEhGvMkFI914m1nyKpKWYkK3mJIjHCYzQkPYMcRUT56eyUDJ4apw8HQprHNZy5vydSFCk1iULTGSE9Uou1qflfrZfowZWfUh4nmnA8XzRIGNQCTnOBfSoJ1mxiAGFJzV8hHiGJsDbplUwI7uLJy9A+r7q1au32oly/zuMogiNwAirABZegDhqgCVoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH0fNmWI=</latexit>

⇢0 2 S(H0)

<latexit sha1_base64="RYvPskulY1wjpc6WCSYCtID5hEE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7APaoWTSO21okhmSTKEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji5z/3OFJRmsXwyswQCQUaSRYwSY6WB6/aVwCCnTMVSgDR44Fa9mrcAXid+QaqoQHPgfvWHMU3zMOVE657vJSbIiDKMcphX+qmGhNAJGUHPUkkE6CBbXD7HF1YZ4ihW9tnlC/V3IiNC65kI7aQgZqxXvVz8z+ulJroNMiaT1ICky0VRyrGJcV4DHjIF1PCZJYQqZm/FdEwUocaWVbEl+KtfXiftq5pfr9Ufr6uNu6KOMjpD5+gS+egGNdADaqIWomiKntErenMy58V5dz6WoyWnyJyiP3A+fwBmLJOG</latexit>

environment

Quantum Instrument



<latexit sha1_base64="BNcnUwGJZ+qeneaMIHG3VTcC6ho=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBKR6kUoeumxgmkLTSyb7aZduvlgdyKUkIMX/4oXD4p49Ud489+4bXPQ1gcDj/dmmJnnJ4IrsKxvY2V1bX1js7RV3t7Z3ds3Dw7bKk4lZQ6NRSy7PlFM8Ig5wEGwbiIZCX3BOv74Zup3HphUPI7uYJIwLyTDiAecEtBS36w4+Aqz+4xjN5CEZs08c0c+kTmGvG9WrZo1A14mdkGqqECrb365g5imIYuACqJUz7YS8DIigVPB8rKbKpYQOiZD1tM0IiFTXjZ7IscnWhngIJa6IsAz9fdERkKlJqGvO0MCI7XoTcX/vF4KwaWX8ShJgUV0vihIBYYYTxPBAy4ZBTHRhFDJ9a2YjogOA3RuZR2CvfjyMmmf1ex6rX57Xm1cF3GUUAUdo1NkowvUQE3UQg6i6BE9o1f0ZjwZL8a78TFvXTGKmSP0B8bnD8mAl5c=</latexit>

U = ei
H

~ t

<latexit sha1_base64="xMtFFUQ/E54raL07LdyOD8thofo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DEogscI5gHZJcxOepMhs7PLzKwQ1vyGFw+KePVnvPk3Th4HTSxoKKq66e4KU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfitR1SaJ/LBjFIMYtqXPOKMGiv5Ty7xFZV9gd3bbqnsVtwpyDLx5qQMc9S7pS+/l7AsRmmYoFp3PDc1QU6V4UzguOhnGlPKhrSPHUsljVEH+fTmMTm1So9EibIlDZmqvydyGms9ikPbGVMz0IveRPzP62QmugpyLtPMoGSzRVEmiEnIJADS4wqZESNLKFPc3krYgCrKjI2paEPwFl9eJs3ziletVO8vyrXreRwFOIYTOAMPLqEGd1CHBjBI4Rle4c3JnBfn3fmYta4485kj+APn8wdZ+JFC</latexit>

|0iE
<latexit sha1_base64="1ul/fgyCQo4HCWinLVMcYw14UPI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRhB4r2A/oriWbZtvQbLIkWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZemHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjEeCBYxgo2VHnwmUOYTzFF90rvtlcpuxZ0BLRMvJ2XI0eiVvvy+JGlMhSEca9313MQEGVaGEU4nRT/VNMFkhAe0a6nAMdVBNrt6gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv953dREV0HGRJIaKsh8UZRyZCSaRoD6TFFi+NgSTBSztyIyxAoTY4Mq2hC8xZeXSeu84lUr1buLcu06j6MAx3ACZ+DBJdSgDg1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwCdO5H0</latexit>

2 HE

<latexit sha1_base64="dBr3zsVAEcoMluyMwE2d7apuOe4=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjMirRuhKILLCvYBnTJk0rQNzSRDckcobT/Fjb/ixoUiutOvMW1noa0XQg7nnMu994Sx4AZc98vJrKyurW9kN3Nb2zu7e/n9g7pRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDq6neuOBacOVvIdhzNoR6Une5ZSApYJ82QcuOgz7uq8CF1/isWsxkT1hOTH/XTwObrCvgEfMpM4gX3CL7qzwMvBSUEBpVYP8p99RNImYBCqIMS3PjaE9Iho4FWyS8xPDYkIHpMdaFkpiZ7VHswMn+MQyHdxV2j4JeMb+7hiRyJhhFFpnRKBvFrUp+Z/WSqB70R5xGSfAJJ0P6iYCg8LTtHCHa0ZBDC0gVHO7K6Z9ogkFm2nOhuAtnrwM6mdFr1Qs3Z0XKldpHFl0hI7RKfJQGVXQLaqiGqLoET2jV/TmPDkvzrvzMbdmnLTnEP0p5/sH6YShnA==</latexit>

⇢̃0 = |0ih0|E ⌦ ⇢0

<latexit sha1_base64="8NjPNVMvNtQ9/saUIWI0nKkO3mQ=">AAACFHicbVBNS8NAEN3Ur1q/qh69LJaCIJREpHoRil48VjBtoYlls5mmSzcf7G6EEvojvPhXvHhQxKsHb/4bt20OtfXBwOO9GWbmeQlnUpnmj1FYWV1b3yhulra2d3b3yvsHLRmngoJNYx6LjkckcBaBrZji0EkEkNDj0PaGNxO//QhCsji6V6ME3JAEEeszSpSWeuXTqqMY9wE7YhD3LHyFSzael0xsPzg+CQIQvXLFrJlT4GVi5aSCcjR75W/Hj2kaQqQoJ1J2LTNRbkaEYpTDuOSkEhJChySArqYRCUG62fSpMa5qxcf9WOiKFJ6q8xMZCaUchZ7uDIkayEVvIv7ndVPVv3QzFiWpgojOFvVTjlWMJwlhnwmgio80IVQwfSumAyIIVTrHkg7BWnx5mbTOala9Vr87rzSu8ziK6AgdoxNkoQvUQLeoiWxE0RN6QW/o3Xg2Xo0P43PWWjDymUP0B8bXL38xnKM=</latexit>

U ⇢̃0U
†

<latexit sha1_base64="20KbOWfHJOsiL/Go7sdcFjHUJJY=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIZakShApjBUvHIuhFaqLIcd3WqmNHtoNURZlZeBUWBhBi5QnYeBvcNgO0/JKlT/85R8fnD2NGlXacb6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0SKMMpJS1PNSDeWBEUhI51wfDOtdx6IVFTwez2JiR+hIacDipE2VmAfe3IkAgd6lMPUw4jBu6wyh0YWpE52Fthlp+rMBJfBzaEMcjUD+8vrC5xEhGvMkFI914m1nyKpKWYkK3mJIjHCYzQkPYMcRUT56eyUDJ4apw8HQprHNZy5vydSFCk1iULTGSE9Uou1qflfrZfowZWfUh4nmnA8XzRIGNQCTnOBfSoJ1mxiAGFJzV8hHiGJsDbplUwI7uLJy9A+r7q1au32oly/zuMogiNwAirABZegDhqgCVoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH0fNmWI=</latexit>

⇢0 2 S(H0)

<latexit sha1_base64="QElOwKNdG2Mljmrw3WF2z65W0XY="></latexit>

U
h
|0ih0|E ⌦ ⇢0

i
U†

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

<latexit sha1_base64="RYvPskulY1wjpc6WCSYCtID5hEE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7APaoWTSO21okhmSTKEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji5z/3OFJRmsXwyswQCQUaSRYwSY6WB6/aVwCCnTMVSgDR44Fa9mrcAXid+QaqoQHPgfvWHMU3zMOVE657vJSbIiDKMcphX+qmGhNAJGUHPUkkE6CBbXD7HF1YZ4ihW9tnlC/V3IiNC65kI7aQgZqxXvVz8z+ulJroNMiaT1ICky0VRyrGJcV4DHjIF1PCZJYQqZm/FdEwUocaWVbEl+KtfXiftq5pfr9Ufr6uNu6KOMjpD5+gS+egGNdADaqIWomiKntErenMy58V5dz6WoyWnyJyiP3A+fwBmLJOG</latexit>

environment

Quantum Instrument



<latexit sha1_base64="BNcnUwGJZ+qeneaMIHG3VTcC6ho=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBKR6kUoeumxgmkLTSyb7aZduvlgdyKUkIMX/4oXD4p49Ud489+4bXPQ1gcDj/dmmJnnJ4IrsKxvY2V1bX1js7RV3t7Z3ds3Dw7bKk4lZQ6NRSy7PlFM8Ig5wEGwbiIZCX3BOv74Zup3HphUPI7uYJIwLyTDiAecEtBS36w4+Aqz+4xjN5CEZs08c0c+kTmGvG9WrZo1A14mdkGqqECrb365g5imIYuACqJUz7YS8DIigVPB8rKbKpYQOiZD1tM0IiFTXjZ7IscnWhngIJa6IsAz9fdERkKlJqGvO0MCI7XoTcX/vF4KwaWX8ShJgUV0vihIBYYYTxPBAy4ZBTHRhFDJ9a2YjogOA3RuZR2CvfjyMmmf1ex6rX57Xm1cF3GUUAUdo1NkowvUQE3UQg6i6BE9o1f0ZjwZL8a78TFvXTGKmSP0B8bnD8mAl5c=</latexit>

U = ei
H

~ t

<latexit sha1_base64="xMtFFUQ/E54raL07LdyOD8thofo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DEogscI5gHZJcxOepMhs7PLzKwQ1vyGFw+KePVnvPk3Th4HTSxoKKq66e4KU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfitR1SaJ/LBjFIMYtqXPOKMGiv5Ty7xFZV9gd3bbqnsVtwpyDLx5qQMc9S7pS+/l7AsRmmYoFp3PDc1QU6V4UzguOhnGlPKhrSPHUsljVEH+fTmMTm1So9EibIlDZmqvydyGms9ikPbGVMz0IveRPzP62QmugpyLtPMoGSzRVEmiEnIJADS4wqZESNLKFPc3krYgCrKjI2paEPwFl9eJs3ziletVO8vyrXreRwFOIYTOAMPLqEGd1CHBjBI4Rle4c3JnBfn3fmYta4485kj+APn8wdZ+JFC</latexit>

|0iE
<latexit sha1_base64="1ul/fgyCQo4HCWinLVMcYw14UPI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRhB4r2A/oriWbZtvQbLIkWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZemHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjEeCBYxgo2VHnwmUOYTzFF90rvtlcpuxZ0BLRMvJ2XI0eiVvvy+JGlMhSEca9313MQEGVaGEU4nRT/VNMFkhAe0a6nAMdVBNrt6gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv953dREV0HGRJIaKsh8UZRyZCSaRoD6TFFi+NgSTBSztyIyxAoTY4Mq2hC8xZeXSeu84lUr1buLcu06j6MAx3ACZ+DBJdSgDg1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwCdO5H0</latexit>

2 HE

<latexit sha1_base64="dBr3zsVAEcoMluyMwE2d7apuOe4=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjMirRuhKILLCvYBnTJk0rQNzSRDckcobT/Fjb/ixoUiutOvMW1noa0XQg7nnMu994Sx4AZc98vJrKyurW9kN3Nb2zu7e/n9g7pRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDq6neuOBacOVvIdhzNoR6Une5ZSApYJ82QcuOgz7uq8CF1/isWsxkT1hOTH/XTwObrCvgEfMpM4gX3CL7qzwMvBSUEBpVYP8p99RNImYBCqIMS3PjaE9Iho4FWyS8xPDYkIHpMdaFkpiZ7VHswMn+MQyHdxV2j4JeMb+7hiRyJhhFFpnRKBvFrUp+Z/WSqB70R5xGSfAJJ0P6iYCg8LTtHCHa0ZBDC0gVHO7K6Z9ogkFm2nOhuAtnrwM6mdFr1Qs3Z0XKldpHFl0hI7RKfJQGVXQLaqiGqLoET2jV/TmPDkvzrvzMbdmnLTnEP0p5/sH6YShnA==</latexit>

⇢̃0 = |0ih0|E ⌦ ⇢0

<latexit sha1_base64="8NjPNVMvNtQ9/saUIWI0nKkO3mQ=">AAACFHicbVBNS8NAEN3Ur1q/qh69LJaCIJREpHoRil48VjBtoYlls5mmSzcf7G6EEvojvPhXvHhQxKsHb/4bt20OtfXBwOO9GWbmeQlnUpnmj1FYWV1b3yhulra2d3b3yvsHLRmngoJNYx6LjkckcBaBrZji0EkEkNDj0PaGNxO//QhCsji6V6ME3JAEEeszSpSWeuXTqqMY9wE7YhD3LHyFSzael0xsPzg+CQIQvXLFrJlT4GVi5aSCcjR75W/Hj2kaQqQoJ1J2LTNRbkaEYpTDuOSkEhJChySArqYRCUG62fSpMa5qxcf9WOiKFJ6q8xMZCaUchZ7uDIkayEVvIv7ndVPVv3QzFiWpgojOFvVTjlWMJwlhnwmgio80IVQwfSumAyIIVTrHkg7BWnx5mbTOala9Vr87rzSu8ziK6AgdoxNkoQvUQLeoiWxE0RN6QW/o3Xg2Xo0P43PWWjDymUP0B8bXL38xnKM=</latexit>

U ⇢̃0U
†

<latexit sha1_base64="qVx6e21pZve6QmrxbdJ1jFoMW9A=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEqseiCD1WsB/QhrLZbtqlm03c3RRKyO/w4kERr/4Yb/4bN20O2vpg4PHeDDPzvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3md6ZUKhaKRz2LqBvgkWA+I1gbyU36BHPUSAfJ/Xk6KFfsqj0HWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHCalvqxohEmEzyiPUMFDqhyk/nRKTozyhD5oTQlNJqrvycSHCg1CzzTGWA9VsteJv7n9WLt37gJE1GsqSCLRX7MkQ5RlgAaMkmJ5jNDMJHM3IrIGEtMtMmpZEJwll9eJe3LqlOr1h6uKvXbPI4inMApXIAD11CHBjShBQSe4Ble4c2aWi/Wu/WxaC1Y+cwx/IH1+QMl4JG2</latexit>

HE0

<latexit sha1_base64="20KbOWfHJOsiL/Go7sdcFjHUJJY=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIZakShApjBUvHIuhFaqLIcd3WqmNHtoNURZlZeBUWBhBi5QnYeBvcNgO0/JKlT/85R8fnD2NGlXacb6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0SKMMpJS1PNSDeWBEUhI51wfDOtdx6IVFTwez2JiR+hIacDipE2VmAfe3IkAgd6lMPUw4jBu6wyh0YWpE52Fthlp+rMBJfBzaEMcjUD+8vrC5xEhGvMkFI914m1nyKpKWYkK3mJIjHCYzQkPYMcRUT56eyUDJ4apw8HQprHNZy5vydSFCk1iULTGSE9Uou1qflfrZfowZWfUh4nmnA8XzRIGNQCTnOBfSoJ1mxiAGFJzV8hHiGJsDbplUwI7uLJy9A+r7q1au32oly/zuMogiNwAirABZegDhqgCVoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH0fNmWI=</latexit>

⇢0 2 S(H0)

<latexit sha1_base64="QElOwKNdG2Mljmrw3WF2z65W0XY="></latexit>

U
h
|0ih0|E ⌦ ⇢0

i
U†

<latexit sha1_base64="9i1AtFTYuUUP+9RaEomL7THLi2Y="></latexit>

PxU
h
|0ih0|E ⌦ ⇢0

i
U†Px

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

<latexit sha1_base64="CMBf5fTVUaNVgVSitWMsEKPUGMc=">AAAB/HicbVBNSwMxEJ2tX7V+rfboJVhET2VXpHosiuCxgv2AdinZNG1Dk+ySZIWytH/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2POtPG8bye3tr6xuZXfLuzs7u0fuIdHDR0litA6iXikWiHWlDNJ64YZTluxoliEnDbD0e3Mbz5RpVkkH804poHAA8n6jGBjpa5bTDtKIEGxThSTg8n07gx13ZJX9uZAq8TPSAky1LruV6cXkURQaQjHWrd9LzZBipVhhNNJoZNoGmMywgPatlRiQXWQzo+foFOr9FA/UrakQXP190SKhdZjEdpOgc1QL3sz8T+vnZj+dZAyGSeGSrJY1E84MhGaJYF6TFFi+NgSTBSztyIyxAoTY/Mq2BD85ZdXSeOi7FfKlYfLUvUmiyMPx3AC5+DDFVThHmpQBwJjeIZXeHOmzovz7nwsWnNONlOEP3A+fwBi/ZSc</latexit>

measuring E0

<latexit sha1_base64="RYvPskulY1wjpc6WCSYCtID5hEE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7APaoWTSO21okhmSTKEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji5z/3OFJRmsXwyswQCQUaSRYwSY6WB6/aVwCCnTMVSgDR44Fa9mrcAXid+QaqoQHPgfvWHMU3zMOVE657vJSbIiDKMcphX+qmGhNAJGUHPUkkE6CBbXD7HF1YZ4ihW9tnlC/V3IiNC65kI7aQgZqxXvVz8z+ulJroNMiaT1ICky0VRyrGJcV4DHjIF1PCZJYQqZm/FdEwUocaWVbEl+KtfXiftq5pfr9Ufr6uNu6KOMjpD5+gS+egGNdADaqIWomiKntErenMy58V5dz6WoyWnyJyiP3A+fwBmLJOG</latexit>

environment

<latexit sha1_base64="jCAJ/BiVE6SHQQDw4evOLNPzYDY="></latexit>

Px =
X

k2x

|ekihek|E0

measurement outcome lies in x

Quantum Instrument



<latexit sha1_base64="BNcnUwGJZ+qeneaMIHG3VTcC6ho=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBKR6kUoeumxgmkLTSyb7aZduvlgdyKUkIMX/4oXD4p49Ud489+4bXPQ1gcDj/dmmJnnJ4IrsKxvY2V1bX1js7RV3t7Z3ds3Dw7bKk4lZQ6NRSy7PlFM8Ig5wEGwbiIZCX3BOv74Zup3HphUPI7uYJIwLyTDiAecEtBS36w4+Aqz+4xjN5CEZs08c0c+kTmGvG9WrZo1A14mdkGqqECrb365g5imIYuACqJUz7YS8DIigVPB8rKbKpYQOiZD1tM0IiFTXjZ7IscnWhngIJa6IsAz9fdERkKlJqGvO0MCI7XoTcX/vF4KwaWX8ShJgUV0vihIBYYYTxPBAy4ZBTHRhFDJ9a2YjogOA3RuZR2CvfjyMmmf1ex6rX57Xm1cF3GUUAUdo1NkowvUQE3UQg6i6BE9o1f0ZjwZL8a78TFvXTGKmSP0B8bnD8mAl5c=</latexit>

U = ei
H

~ t

<latexit sha1_base64="xMtFFUQ/E54raL07LdyOD8thofo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DEogscI5gHZJcxOepMhs7PLzKwQ1vyGFw+KePVnvPk3Th4HTSxoKKq66e4KU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfitR1SaJ/LBjFIMYtqXPOKMGiv5Ty7xFZV9gd3bbqnsVtwpyDLx5qQMc9S7pS+/l7AsRmmYoFp3PDc1QU6V4UzguOhnGlPKhrSPHUsljVEH+fTmMTm1So9EibIlDZmqvydyGms9ikPbGVMz0IveRPzP62QmugpyLtPMoGSzRVEmiEnIJADS4wqZESNLKFPc3krYgCrKjI2paEPwFl9eJs3ziletVO8vyrXreRwFOIYTOAMPLqEGd1CHBjBI4Rle4c3JnBfn3fmYta4485kj+APn8wdZ+JFC</latexit>

|0iE
<latexit sha1_base64="1ul/fgyCQo4HCWinLVMcYw14UPI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRhB4r2A/oriWbZtvQbLIkWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZemHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjEeCBYxgo2VHnwmUOYTzFF90rvtlcpuxZ0BLRMvJ2XI0eiVvvy+JGlMhSEca9313MQEGVaGEU4nRT/VNMFkhAe0a6nAMdVBNrt6gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv953dREV0HGRJIaKsh8UZRyZCSaRoD6TFFi+NgSTBSztyIyxAoTY4Mq2hC8xZeXSeu84lUr1buLcu06j6MAx3ACZ+DBJdSgDg1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwCdO5H0</latexit>

2 HE

<latexit sha1_base64="dBr3zsVAEcoMluyMwE2d7apuOe4=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjMirRuhKILLCvYBnTJk0rQNzSRDckcobT/Fjb/ixoUiutOvMW1noa0XQg7nnMu994Sx4AZc98vJrKyurW9kN3Nb2zu7e/n9g7pRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDq6neuOBacOVvIdhzNoR6Une5ZSApYJ82QcuOgz7uq8CF1/isWsxkT1hOTH/XTwObrCvgEfMpM4gX3CL7qzwMvBSUEBpVYP8p99RNImYBCqIMS3PjaE9Iho4FWyS8xPDYkIHpMdaFkpiZ7VHswMn+MQyHdxV2j4JeMb+7hiRyJhhFFpnRKBvFrUp+Z/WSqB70R5xGSfAJJ0P6iYCg8LTtHCHa0ZBDC0gVHO7K6Z9ogkFm2nOhuAtnrwM6mdFr1Qs3Z0XKldpHFl0hI7RKfJQGVXQLaqiGqLoET2jV/TmPDkvzrvzMbdmnLTnEP0p5/sH6YShnA==</latexit>

⇢̃0 = |0ih0|E ⌦ ⇢0

<latexit sha1_base64="8NjPNVMvNtQ9/saUIWI0nKkO3mQ=">AAACFHicbVBNS8NAEN3Ur1q/qh69LJaCIJREpHoRil48VjBtoYlls5mmSzcf7G6EEvojvPhXvHhQxKsHb/4bt20OtfXBwOO9GWbmeQlnUpnmj1FYWV1b3yhulra2d3b3yvsHLRmngoJNYx6LjkckcBaBrZji0EkEkNDj0PaGNxO//QhCsji6V6ME3JAEEeszSpSWeuXTqqMY9wE7YhD3LHyFSzael0xsPzg+CQIQvXLFrJlT4GVi5aSCcjR75W/Hj2kaQqQoJ1J2LTNRbkaEYpTDuOSkEhJChySArqYRCUG62fSpMa5qxcf9WOiKFJ6q8xMZCaUchZ7uDIkayEVvIv7ndVPVv3QzFiWpgojOFvVTjlWMJwlhnwmgio80IVQwfSumAyIIVTrHkg7BWnx5mbTOala9Vr87rzSu8ziK6AgdoxNkoQvUQLeoiWxE0RN6QW/o3Xg2Xo0P43PWWjDymUP0B8bXL38xnKM=</latexit>

U ⇢̃0U
†

<latexit sha1_base64="qVx6e21pZve6QmrxbdJ1jFoMW9A=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEqseiCD1WsB/QhrLZbtqlm03c3RRKyO/w4kERr/4Yb/4bN20O2vpg4PHeDDPzvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3md6ZUKhaKRz2LqBvgkWA+I1gbyU36BHPUSAfJ/Xk6KFfsqj0HWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHCalvqxohEmEzyiPUMFDqhyk/nRKTozyhD5oTQlNJqrvycSHCg1CzzTGWA9VsteJv7n9WLt37gJE1GsqSCLRX7MkQ5RlgAaMkmJ5jNDMJHM3IrIGEtMtMmpZEJwll9eJe3LqlOr1h6uKvXbPI4inMApXIAD11CHBjShBQSe4Ble4c2aWi/Wu/WxaC1Y+cwx/IH1+QMl4JG2</latexit>

HE0

<latexit sha1_base64="20KbOWfHJOsiL/Go7sdcFjHUJJY=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIZakShApjBUvHIuhFaqLIcd3WqmNHtoNURZlZeBUWBhBi5QnYeBvcNgO0/JKlT/85R8fnD2NGlXacb6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0SKMMpJS1PNSDeWBEUhI51wfDOtdx6IVFTwez2JiR+hIacDipE2VmAfe3IkAgd6lMPUw4jBu6wyh0YWpE52Fthlp+rMBJfBzaEMcjUD+8vrC5xEhGvMkFI914m1nyKpKWYkK3mJIjHCYzQkPYMcRUT56eyUDJ4apw8HQprHNZy5vydSFCk1iULTGSE9Uou1qflfrZfowZWfUh4nmnA8XzRIGNQCTnOBfSoJ1mxiAGFJzV8hHiGJsDbplUwI7uLJy9A+r7q1au32oly/zuMogiNwAirABZegDhqgCVoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH0fNmWI=</latexit>

⇢0 2 S(H0)

<latexit sha1_base64="fnBCA8jDLQe1uE6WQJoRExmTc3k=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbRU9kVqR6LInis0C9ol5JN0zY0ya5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHGmjet+O7m19Y3Nrfx2YWd3b/+geHjU1GGsCG2QkIeqHWBNOZO0YZjhtB0pikXAaSsY38381oQqzUJZN9OI+gIPJRswgo2V/KSrBKqrtJfcn6e9Ysktu3OgVeJlpAQZar3iV7cfklhQaQjHWnc8NzJ+gpVhhNO00I01jTAZ4yHtWCqxoNpP5ken6MwqfTQIlS1p0Fz9PZFgofVUBLZTYDPSy95M/M/rxGZw4ydMRrGhkiwWDWKOTIhmCaA+U5QYPrUEE8XsrYiMsMLE2JwKNgRv+eVV0rwse5Vy5fGqVL3N4sjDCZzCBXhwDVV4gBo0gMATPMMrvDkT58V5dz4WrTknmzmGP3A+fwBrHpHj</latexit>

TrE0

<latexit sha1_base64="QElOwKNdG2Mljmrw3WF2z65W0XY="></latexit>

U
h
|0ih0|E ⌦ ⇢0

i
U†

<latexit sha1_base64="9i1AtFTYuUUP+9RaEomL7THLi2Y="></latexit>

PxU
h
|0ih0|E ⌦ ⇢0

i
U†Px

<latexit sha1_base64="nIkBG6EPP2xXwbi4UUy7mNFN1jQ="></latexit>

TrE0

h
PxU

h
|0ih0|E ⌦ ⇢0

i
U†Px

i

<latexit sha1_base64="JmR1EloVulcQfYaV+6fn1Cv3IuY=">AAACG3icbZBNS8MwGMfT+Tbn29Sjl+AQ5mW0Q6bHMS87TnAvsJaSpukWlqYlSYej9Ht48at48aCIJ8GD38as20E3Hwj8+P+fJ3ny92JGpTLNb6Owsbm1vVPcLe3tHxwelY9PejJKBCZdHLFIDDwkCaOcdBVVjAxiQVDoMdL3Jrdzvz8lQtKI36tZTJwQjTgNKEZKS265bk+REOPITe38slQQP4MPGbQph1pDDLay6gLamZta2aVbrpg1My+4DtYSKmBZHbf8afsRTkLCFWZIyqFlxspJkVAUM5KV7ESSGOEJGpGhRo5CIp00XyeDF1rxYRAJfbiCufp7IkWhlLPQ050hUmO56s3F/7xhooIbJ6U8ThThePFQkDCoIjgPCvpUEKzYTAPCgupdIR4jgbDScZZ0CNbql9ehV69ZjVrj7qrSbC3jKIIzcA6qwALXoAnaoAO6AINH8AxewZvxZLwY78bHorVgLGdOwZ8yvn4A8zGhUw==</latexit>

%x 2 B(H1)

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

<latexit sha1_base64="CMBf5fTVUaNVgVSitWMsEKPUGMc=">AAAB/HicbVBNSwMxEJ2tX7V+rfboJVhET2VXpHosiuCxgv2AdinZNG1Dk+ySZIWytH/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2POtPG8bye3tr6xuZXfLuzs7u0fuIdHDR0litA6iXikWiHWlDNJ64YZTluxoliEnDbD0e3Mbz5RpVkkH804poHAA8n6jGBjpa5bTDtKIEGxThSTg8n07gx13ZJX9uZAq8TPSAky1LruV6cXkURQaQjHWrd9LzZBipVhhNNJoZNoGmMywgPatlRiQXWQzo+foFOr9FA/UrakQXP190SKhdZjEdpOgc1QL3sz8T+vnZj+dZAyGSeGSrJY1E84MhGaJYF6TFFi+NgSTBSztyIyxAoTY/Mq2BD85ZdXSeOi7FfKlYfLUvUmiyMPx3AC5+DDFVThHmpQBwJjeIZXeHOmzovz7nwsWnNONlOEP3A+fwBi/ZSc</latexit>

measuring E0

<latexit sha1_base64="wSr3ETXCgQBN0UbDG78krN95Xqo=">AAAB/nicbVBNSwMxEM36WevXqnjyEiyip7IrUj0WRfBYwX5AW0o2zbahSXZJZoWytPhXvHhQxKu/w5v/xrTdg7Y+GHi8N8PMvCAW3IDnfTtLyyura+u5jfzm1vbOrru3XzNRoimr0khEuhEQwwRXrAocBGvEmhEZCFYPBjcTv/7ItOGReoBhzNqS9BQPOSVgpY57mLa0xKAJ5ao3jhIYjW9PcccteEVvCrxI/IwUUIZKx/1qdSOaSKaACmJM0/diaKdEA6eCjfKtxLCY0AHpsaalikhm2un0/BE+sUoXh5G2pQBP1d8TKZHGDGVgOyWBvpn3JuJ/XjOB8KqdchUnwBSdLQoTgSHCkyxwl2tGQQwtIVRzeyumfWKzAJtY3obgz7+8SGrnRb9ULN1fFMrXWRw5dISO0Rny0SUqoztUQVVEUYqe0St6c56cF+fd+Zi1LjnZzAH6A+fzBy5UlaM=</latexit>

tracing out E0

<latexit sha1_base64="RYvPskulY1wjpc6WCSYCtID5hEE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7APaoWTSO21okhmSTKEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji5z/3OFJRmsXwyswQCQUaSRYwSY6WB6/aVwCCnTMVSgDR44Fa9mrcAXid+QaqoQHPgfvWHMU3zMOVE657vJSbIiDKMcphX+qmGhNAJGUHPUkkE6CBbXD7HF1YZ4ihW9tnlC/V3IiNC65kI7aQgZqxXvVz8z+ulJroNMiaT1ICky0VRyrGJcV4DHjIF1PCZJYQqZm/FdEwUocaWVbEl+KtfXiftq5pfr9Ufr6uNu6KOMjpD5+gS+egGNdADaqIWomiKntErenMy58V5dz6WoyWnyJyiP3A+fwBmLJOG</latexit>

environment

<latexit sha1_base64="1uN5z5Kr+lh62Hthxmbim4+2Nv0=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIVDdC0Y3LCvYBTQiTyaQdOpmEmUmxhLjxV9y4UMStf+HOv3GaZqGtBy4czrl37tzjJ4xKZVnfxtLyyuraemWjurm1vbNr7u13ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbqZ+d0yEpDG/V5OEuBEacBpSjJSWPPPQGSMhhrGXOcVjmSBB/pDDK8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuW5vBEKwEMY6GLK1iovycyFEk5iXzdGSE1lPPeVPzP66cqvHQzypNUEY5ni8KUQRXDaRwwoIJgxSaaICyo/ivEQyQQVjq0qg7Bnj95kXTO6naj3rg7rzWvyzgq4Agcg1NggwvQBLegBdoAg0fwDF7Bm/FkvBjvxsesdckoZw7AHxifP0b2l24=</latexit>%x =

<latexit sha1_base64="jCAJ/BiVE6SHQQDw4evOLNPzYDY="></latexit>

Px =
X

k2x

|ekihek|E0

measurement outcome lies in x

Quantum Instrument



<latexit sha1_base64="BNcnUwGJZ+qeneaMIHG3VTcC6ho=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBKR6kUoeumxgmkLTSyb7aZduvlgdyKUkIMX/4oXD4p49Ud489+4bXPQ1gcDj/dmmJnnJ4IrsKxvY2V1bX1js7RV3t7Z3ds3Dw7bKk4lZQ6NRSy7PlFM8Ig5wEGwbiIZCX3BOv74Zup3HphUPI7uYJIwLyTDiAecEtBS36w4+Aqz+4xjN5CEZs08c0c+kTmGvG9WrZo1A14mdkGqqECrb365g5imIYuACqJUz7YS8DIigVPB8rKbKpYQOiZD1tM0IiFTXjZ7IscnWhngIJa6IsAz9fdERkKlJqGvO0MCI7XoTcX/vF4KwaWX8ShJgUV0vihIBYYYTxPBAy4ZBTHRhFDJ9a2YjogOA3RuZR2CvfjyMmmf1ex6rX57Xm1cF3GUUAUdo1NkowvUQE3UQg6i6BE9o1f0ZjwZL8a78TFvXTGKmSP0B8bnD8mAl5c=</latexit>

U = ei
H

~ t

<latexit sha1_base64="xMtFFUQ/E54raL07LdyOD8thofo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DEogscI5gHZJcxOepMhs7PLzKwQ1vyGFw+KePVnvPk3Th4HTSxoKKq66e4KU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfitR1SaJ/LBjFIMYtqXPOKMGiv5Ty7xFZV9gd3bbqnsVtwpyDLx5qQMc9S7pS+/l7AsRmmYoFp3PDc1QU6V4UzguOhnGlPKhrSPHUsljVEH+fTmMTm1So9EibIlDZmqvydyGms9ikPbGVMz0IveRPzP62QmugpyLtPMoGSzRVEmiEnIJADS4wqZESNLKFPc3krYgCrKjI2paEPwFl9eJs3ziletVO8vyrXreRwFOIYTOAMPLqEGd1CHBjBI4Rle4c3JnBfn3fmYta4485kj+APn8wdZ+JFC</latexit>

|0iE
<latexit sha1_base64="1ul/fgyCQo4HCWinLVMcYw14UPI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRhB4r2A/oriWbZtvQbLIkWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZemHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjEeCBYxgo2VHnwmUOYTzFF90rvtlcpuxZ0BLRMvJ2XI0eiVvvy+JGlMhSEca9313MQEGVaGEU4nRT/VNMFkhAe0a6nAMdVBNrt6gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv953dREV0HGRJIaKsh8UZRyZCSaRoD6TFFi+NgSTBSztyIyxAoTY4Mq2hC8xZeXSeu84lUr1buLcu06j6MAx3ACZ+DBJdSgDg1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwCdO5H0</latexit>

2 HE

<latexit sha1_base64="dBr3zsVAEcoMluyMwE2d7apuOe4=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjMirRuhKILLCvYBnTJk0rQNzSRDckcobT/Fjb/ixoUiutOvMW1noa0XQg7nnMu994Sx4AZc98vJrKyurW9kN3Nb2zu7e/n9g7pRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDq6neuOBacOVvIdhzNoR6Une5ZSApYJ82QcuOgz7uq8CF1/isWsxkT1hOTH/XTwObrCvgEfMpM4gX3CL7qzwMvBSUEBpVYP8p99RNImYBCqIMS3PjaE9Iho4FWyS8xPDYkIHpMdaFkpiZ7VHswMn+MQyHdxV2j4JeMb+7hiRyJhhFFpnRKBvFrUp+Z/WSqB70R5xGSfAJJ0P6iYCg8LTtHCHa0ZBDC0gVHO7K6Z9ogkFm2nOhuAtnrwM6mdFr1Qs3Z0XKldpHFl0hI7RKfJQGVXQLaqiGqLoET2jV/TmPDkvzrvzMbdmnLTnEP0p5/sH6YShnA==</latexit>

⇢̃0 = |0ih0|E ⌦ ⇢0

<latexit sha1_base64="8NjPNVMvNtQ9/saUIWI0nKkO3mQ=">AAACFHicbVBNS8NAEN3Ur1q/qh69LJaCIJREpHoRil48VjBtoYlls5mmSzcf7G6EEvojvPhXvHhQxKsHb/4bt20OtfXBwOO9GWbmeQlnUpnmj1FYWV1b3yhulra2d3b3yvsHLRmngoJNYx6LjkckcBaBrZji0EkEkNDj0PaGNxO//QhCsji6V6ME3JAEEeszSpSWeuXTqqMY9wE7YhD3LHyFSzael0xsPzg+CQIQvXLFrJlT4GVi5aSCcjR75W/Hj2kaQqQoJ1J2LTNRbkaEYpTDuOSkEhJChySArqYRCUG62fSpMa5qxcf9WOiKFJ6q8xMZCaUchZ7uDIkayEVvIv7ndVPVv3QzFiWpgojOFvVTjlWMJwlhnwmgio80IVQwfSumAyIIVTrHkg7BWnx5mbTOala9Vr87rzSu8ziK6AgdoxNkoQvUQLeoiWxE0RN6QW/o3Xg2Xo0P43PWWjDymUP0B8bXL38xnKM=</latexit>

U ⇢̃0U
†

<latexit sha1_base64="qVx6e21pZve6QmrxbdJ1jFoMW9A=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEqseiCD1WsB/QhrLZbtqlm03c3RRKyO/w4kERr/4Yb/4bN20O2vpg4PHeDDPzvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3md6ZUKhaKRz2LqBvgkWA+I1gbyU36BHPUSAfJ/Xk6KFfsqj0HWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHCalvqxohEmEzyiPUMFDqhyk/nRKTozyhD5oTQlNJqrvycSHCg1CzzTGWA9VsteJv7n9WLt37gJE1GsqSCLRX7MkQ5RlgAaMkmJ5jNDMJHM3IrIGEtMtMmpZEJwll9eJe3LqlOr1h6uKvXbPI4inMApXIAD11CHBjShBQSe4Ble4c2aWi/Wu/WxaC1Y+cwx/IH1+QMl4JG2</latexit>

HE0

<latexit sha1_base64="20KbOWfHJOsiL/Go7sdcFjHUJJY=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIZakShApjBUvHIuhFaqLIcd3WqmNHtoNURZlZeBUWBhBi5QnYeBvcNgO0/JKlT/85R8fnD2NGlXacb6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0SKMMpJS1PNSDeWBEUhI51wfDOtdx6IVFTwez2JiR+hIacDipE2VmAfe3IkAgd6lMPUw4jBu6wyh0YWpE52Fthlp+rMBJfBzaEMcjUD+8vrC5xEhGvMkFI914m1nyKpKWYkK3mJIjHCYzQkPYMcRUT56eyUDJ4apw8HQprHNZy5vydSFCk1iULTGSE9Uou1qflfrZfowZWfUh4nmnA8XzRIGNQCTnOBfSoJ1mxiAGFJzV8hHiGJsDbplUwI7uLJy9A+r7q1au32oly/zuMogiNwAirABZegDhqgCVoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH0fNmWI=</latexit>

⇢0 2 S(H0)

<latexit sha1_base64="fnBCA8jDLQe1uE6WQJoRExmTc3k=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbRU9kVqR6LInis0C9ol5JN0zY0ya5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHGmjet+O7m19Y3Nrfx2YWd3b/+geHjU1GGsCG2QkIeqHWBNOZO0YZjhtB0pikXAaSsY38381oQqzUJZN9OI+gIPJRswgo2V/KSrBKqrtJfcn6e9Ysktu3OgVeJlpAQZar3iV7cfklhQaQjHWnc8NzJ+gpVhhNO00I01jTAZ4yHtWCqxoNpP5ken6MwqfTQIlS1p0Fz9PZFgofVUBLZTYDPSy95M/M/rxGZw4ydMRrGhkiwWDWKOTIhmCaA+U5QYPrUEE8XsrYiMsMLE2JwKNgRv+eVV0rwse5Vy5fGqVL3N4sjDCZzCBXhwDVV4gBo0gMATPMMrvDkT58V5dz4WrTknmzmGP3A+fwBrHpHj</latexit>

TrE0

<latexit sha1_base64="QElOwKNdG2Mljmrw3WF2z65W0XY="></latexit>

U
h
|0ih0|E ⌦ ⇢0

i
U†

<latexit sha1_base64="9i1AtFTYuUUP+9RaEomL7THLi2Y="></latexit>

PxU
h
|0ih0|E ⌦ ⇢0

i
U†Px

<latexit sha1_base64="nIkBG6EPP2xXwbi4UUy7mNFN1jQ="></latexit>

TrE0

h
PxU

h
|0ih0|E ⌦ ⇢0

i
U†Px

i

<latexit sha1_base64="JmR1EloVulcQfYaV+6fn1Cv3IuY=">AAACG3icbZBNS8MwGMfT+Tbn29Sjl+AQ5mW0Q6bHMS87TnAvsJaSpukWlqYlSYej9Ht48at48aCIJ8GD38as20E3Hwj8+P+fJ3ny92JGpTLNb6Owsbm1vVPcLe3tHxwelY9PejJKBCZdHLFIDDwkCaOcdBVVjAxiQVDoMdL3Jrdzvz8lQtKI36tZTJwQjTgNKEZKS265bk+REOPITe38slQQP4MPGbQph1pDDLay6gLamZta2aVbrpg1My+4DtYSKmBZHbf8afsRTkLCFWZIyqFlxspJkVAUM5KV7ESSGOEJGpGhRo5CIp00XyeDF1rxYRAJfbiCufp7IkWhlLPQ050hUmO56s3F/7xhooIbJ6U8ThThePFQkDCoIjgPCvpUEKzYTAPCgupdIR4jgbDScZZ0CNbql9ehV69ZjVrj7qrSbC3jKIIzcA6qwALXoAnaoAO6AINH8AxewZvxZLwY78bHorVgLGdOwZ8yvn4A8zGhUw==</latexit>

%x 2 B(H1)

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

<latexit sha1_base64="CMBf5fTVUaNVgVSitWMsEKPUGMc=">AAAB/HicbVBNSwMxEJ2tX7V+rfboJVhET2VXpHosiuCxgv2AdinZNG1Dk+ySZIWytH/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2POtPG8bye3tr6xuZXfLuzs7u0fuIdHDR0litA6iXikWiHWlDNJ64YZTluxoliEnDbD0e3Mbz5RpVkkH804poHAA8n6jGBjpa5bTDtKIEGxThSTg8n07gx13ZJX9uZAq8TPSAky1LruV6cXkURQaQjHWrd9LzZBipVhhNNJoZNoGmMywgPatlRiQXWQzo+foFOr9FA/UrakQXP190SKhdZjEdpOgc1QL3sz8T+vnZj+dZAyGSeGSrJY1E84MhGaJYF6TFFi+NgSTBSztyIyxAoTY/Mq2BD85ZdXSeOi7FfKlYfLUvUmiyMPx3AC5+DDFVThHmpQBwJjeIZXeHOmzovz7nwsWnNONlOEP3A+fwBi/ZSc</latexit>

measuring E0

<latexit sha1_base64="wSr3ETXCgQBN0UbDG78krN95Xqo=">AAAB/nicbVBNSwMxEM36WevXqnjyEiyip7IrUj0WRfBYwX5AW0o2zbahSXZJZoWytPhXvHhQxKu/w5v/xrTdg7Y+GHi8N8PMvCAW3IDnfTtLyyura+u5jfzm1vbOrru3XzNRoimr0khEuhEQwwRXrAocBGvEmhEZCFYPBjcTv/7ItOGReoBhzNqS9BQPOSVgpY57mLa0xKAJ5ao3jhIYjW9PcccteEVvCrxI/IwUUIZKx/1qdSOaSKaACmJM0/diaKdEA6eCjfKtxLCY0AHpsaalikhm2un0/BE+sUoXh5G2pQBP1d8TKZHGDGVgOyWBvpn3JuJ/XjOB8KqdchUnwBSdLQoTgSHCkyxwl2tGQQwtIVRzeyumfWKzAJtY3obgz7+8SGrnRb9ULN1fFMrXWRw5dISO0Rny0SUqoztUQVVEUYqe0St6c56cF+fd+Zi1LjnZzAH6A+fzBy5UlaM=</latexit>

tracing out E0

Kraus operators: 
<latexit sha1_base64="3ZsntIB63g8fflkWvn0OG3tr+OM=">AAACDXicbVDLSgMxFM34rPU16tJNsIquyoxIdSMUpeCygn1AZxgy6W0bmskMSUYotT/gxl9x40IRt+7d+Tem0y609cCFk3Pu5eaeMOFMacf5thYWl5ZXVnNr+fWNza1te2e3ruJUUqjRmMeyGRIFnAmoaaY5NBMJJAo5NML+9dhv3INULBZ3epCAH5GuYB1GiTZSYB9Wgj6+xB4nossBw7F5PuCaKQd7MhODSmAXnKKTAc8Td0oKaIpqYH957ZimEQhNOVGq5TqJ9odEakY5jPJeqiAhtE+60DJUkAiUP8yuGeEjo7RxJ5amhMaZ+ntiSCKlBlFoOiOie2rWG4v/ea1Udy78IRNJqkHQyaJOyrGO8Tga3GYSqOYDQwiVzPwV0x6RhGoTYN6E4M6ePE/qp0W3VCzdnhXKV9M4cmgfHaAT5KJzVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8AyqOZhQ==</latexit>

Ek = he0k|U |0iE
<latexit sha1_base64="KzkQSUA24LsWSquwohfpi6foZcY=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjUsVVUYQuK9gHdIYhk2ba0MyDJCOUoTs3/oobF4q49Rfc+Tem7YDaeiBwcs69JOf4CWdSWdaXUVhaXlldK66XNja3tnfM3b2WjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfvD64nfvqdCsji6U6OEuiHuRyxgBCsteebhjTe8RJlDMEf1sWchR8U/V9szy1bFmgItEjsnZcjR8MxPpxeTNKSRIhxL2bWtRLkZFooRTsclJ5U0wWSI+7SraYRDKt1smmOMjrXSQ0Es9IkUmqq/NzIcSjkKfT0ZYjWQ895E/M/rpiq4cDMWJamiEZk9FKQc6ayTUlCPCUoUH2mCiWD6r4gMsMBE6epKugR7PvIiaZ1W7GqlentWrl3ldRThAI7gBGw4hxrUoQFNIPAAT/ACr8aj8Wy8Ge+z0YKR7+zDHxgf32Qnl8E=</latexit>

Ek : H0 ! H1

<latexit sha1_base64="rJBWiy5e9vle2zzckMl9r9Y32ps="></latexit>X

k2x

he0k|U |0ih0|E ⌦ ⇢0U
†|e0ki<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=

<latexit sha1_base64="RYvPskulY1wjpc6WCSYCtID5hEE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7APaoWTSO21okhmSTKEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji5z/3OFJRmsXwyswQCQUaSRYwSY6WB6/aVwCCnTMVSgDR44Fa9mrcAXid+QaqoQHPgfvWHMU3zMOVE657vJSbIiDKMcphX+qmGhNAJGUHPUkkE6CBbXD7HF1YZ4ihW9tnlC/V3IiNC65kI7aQgZqxXvVz8z+ulJroNMiaT1ICky0VRyrGJcV4DHjIF1PCZJYQqZm/FdEwUocaWVbEl+KtfXiftq5pfr9Ufr6uNu6KOMjpD5+gS+egGNdADaqIWomiKntErenMy58V5dz6WoyWnyJyiP3A+fwBmLJOG</latexit>

environment

<latexit sha1_base64="X+to2qHfl4ctcwg+en9qHZp31L8=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIjUt0IRRFcVrAX6NQhkzltQzOZIcmIZZg3ceOruHGhiLjr25heFtp6IPDx/+ckJ3+QcKa044yspeWV1bX1wkZxc2t7Z9fe22+oOJUU6jTmsWwFRAFnAuqaaQ6tRAKJAg7NYHA99puPIBWLxb0eJtCJSE+wLqNEG8m3K5fYU2nkZwPsMYEzb3JlJiHM8VOe4+KNbxzZj30HG3zwQtLrgfTtklN2JoUXwZ1BCc2q5tvfXhjTNAKhKSdKtV0n0Z2MSM0oh7zopQoSQgekB22DgkSgOtlkmRwfGyXE3ViaIzSeqL8nMhIpNYwC0xkR3Vfz3lj8z2ununvRyZhIUg2CTh/qphzrGI/DwiGTQDUfGiBUMrMrpn0iCdUm0qIJwZ3/8iI0TstupVy5OytVr2ZxFNAhOkInyEXnqIpuUQ3VEUXP6BW9ow/rxXqzPq2vaeuSNZs5QH/KGv0Awl+iMw==</latexit>

=
X

k2x

Ek⇢0E
†
k

<latexit sha1_base64="1uN5z5Kr+lh62Hthxmbim4+2Nv0=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIVDdC0Y3LCvYBTQiTyaQdOpmEmUmxhLjxV9y4UMStf+HOv3GaZqGtBy4czrl37tzjJ4xKZVnfxtLyyuraemWjurm1vbNr7u13ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbqZ+d0yEpDG/V5OEuBEacBpSjJSWPPPQGSMhhrGXOcVjmSBB/pDDK8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuW5vBEKwEMY6GLK1iovycyFEk5iXzdGSE1lPPeVPzP66cqvHQzypNUEY5ni8KUQRXDaRwwoIJgxSaaICyo/ivEQyQQVjq0qg7Bnj95kXTO6naj3rg7rzWvyzgq4Agcg1NggwvQBLegBdoAg0fwDF7Bm/FkvBjvxsesdckoZw7AHxifP0b2l24=</latexit>%x =

<latexit sha1_base64="jCAJ/BiVE6SHQQDw4evOLNPzYDY="></latexit>

Px =
X

k2x

|ekihek|E0

measurement outcome lies in x

Quantum Instrument



<latexit sha1_base64="BNcnUwGJZ+qeneaMIHG3VTcC6ho=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBKR6kUoeumxgmkLTSyb7aZduvlgdyKUkIMX/4oXD4p49Ud489+4bXPQ1gcDj/dmmJnnJ4IrsKxvY2V1bX1js7RV3t7Z3ds3Dw7bKk4lZQ6NRSy7PlFM8Ig5wEGwbiIZCX3BOv74Zup3HphUPI7uYJIwLyTDiAecEtBS36w4+Aqz+4xjN5CEZs08c0c+kTmGvG9WrZo1A14mdkGqqECrb365g5imIYuACqJUz7YS8DIigVPB8rKbKpYQOiZD1tM0IiFTXjZ7IscnWhngIJa6IsAz9fdERkKlJqGvO0MCI7XoTcX/vF4KwaWX8ShJgUV0vihIBYYYTxPBAy4ZBTHRhFDJ9a2YjogOA3RuZR2CvfjyMmmf1ex6rX57Xm1cF3GUUAUdo1NkowvUQE3UQg6i6BE9o1f0ZjwZL8a78TFvXTGKmSP0B8bnD8mAl5c=</latexit>

U = ei
H

~ t

<latexit sha1_base64="xMtFFUQ/E54raL07LdyOD8thofo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DEogscI5gHZJcxOepMhs7PLzKwQ1vyGFw+KePVnvPk3Th4HTSxoKKq66e4KU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfitR1SaJ/LBjFIMYtqXPOKMGiv5Ty7xFZV9gd3bbqnsVtwpyDLx5qQMc9S7pS+/l7AsRmmYoFp3PDc1QU6V4UzguOhnGlPKhrSPHUsljVEH+fTmMTm1So9EibIlDZmqvydyGms9ikPbGVMz0IveRPzP62QmugpyLtPMoGSzRVEmiEnIJADS4wqZESNLKFPc3krYgCrKjI2paEPwFl9eJs3ziletVO8vyrXreRwFOIYTOAMPLqEGd1CHBjBI4Rle4c3JnBfn3fmYta4485kj+APn8wdZ+JFC</latexit>

|0iE
<latexit sha1_base64="1ul/fgyCQo4HCWinLVMcYw14UPI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRhB4r2A/oriWbZtvQbLIkWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZemHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjEeCBYxgo2VHnwmUOYTzFF90rvtlcpuxZ0BLRMvJ2XI0eiVvvy+JGlMhSEca9313MQEGVaGEU4nRT/VNMFkhAe0a6nAMdVBNrt6gk6t0keRVLaEQTP190SGY63HcWg7Y2yGetGbiv953dREV0HGRJIaKsh8UZRyZCSaRoD6TFFi+NgSTBSztyIyxAoTY4Mq2hC8xZeXSeu84lUr1buLcu06j6MAx3ACZ+DBJdSgDg1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwCdO5H0</latexit>

2 HE

<latexit sha1_base64="dBr3zsVAEcoMluyMwE2d7apuOe4=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjMirRuhKILLCvYBnTJk0rQNzSRDckcobT/Fjb/ixoUiutOvMW1noa0XQg7nnMu994Sx4AZc98vJrKyurW9kN3Nb2zu7e/n9g7pRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDq6neuOBacOVvIdhzNoR6Une5ZSApYJ82QcuOgz7uq8CF1/isWsxkT1hOTH/XTwObrCvgEfMpM4gX3CL7qzwMvBSUEBpVYP8p99RNImYBCqIMS3PjaE9Iho4FWyS8xPDYkIHpMdaFkpiZ7VHswMn+MQyHdxV2j4JeMb+7hiRyJhhFFpnRKBvFrUp+Z/WSqB70R5xGSfAJJ0P6iYCg8LTtHCHa0ZBDC0gVHO7K6Z9ogkFm2nOhuAtnrwM6mdFr1Qs3Z0XKldpHFl0hI7RKfJQGVXQLaqiGqLoET2jV/TmPDkvzrvzMbdmnLTnEP0p5/sH6YShnA==</latexit>

⇢̃0 = |0ih0|E ⌦ ⇢0

<latexit sha1_base64="8NjPNVMvNtQ9/saUIWI0nKkO3mQ=">AAACFHicbVBNS8NAEN3Ur1q/qh69LJaCIJREpHoRil48VjBtoYlls5mmSzcf7G6EEvojvPhXvHhQxKsHb/4bt20OtfXBwOO9GWbmeQlnUpnmj1FYWV1b3yhulra2d3b3yvsHLRmngoJNYx6LjkckcBaBrZji0EkEkNDj0PaGNxO//QhCsji6V6ME3JAEEeszSpSWeuXTqqMY9wE7YhD3LHyFSzael0xsPzg+CQIQvXLFrJlT4GVi5aSCcjR75W/Hj2kaQqQoJ1J2LTNRbkaEYpTDuOSkEhJChySArqYRCUG62fSpMa5qxcf9WOiKFJ6q8xMZCaUchZ7uDIkayEVvIv7ndVPVv3QzFiWpgojOFvVTjlWMJwlhnwmgio80IVQwfSumAyIIVTrHkg7BWnx5mbTOala9Vr87rzSu8ziK6AgdoxNkoQvUQLeoiWxE0RN6QW/o3Xg2Xo0P43PWWjDymUP0B8bXL38xnKM=</latexit>

U ⇢̃0U
†

<latexit sha1_base64="qVx6e21pZve6QmrxbdJ1jFoMW9A=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEqseiCD1WsB/QhrLZbtqlm03c3RRKyO/w4kERr/4Yb/4bN20O2vpg4PHeDDPzvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3md6ZUKhaKRz2LqBvgkWA+I1gbyU36BHPUSAfJ/Xk6KFfsqj0HWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHCalvqxohEmEzyiPUMFDqhyk/nRKTozyhD5oTQlNJqrvycSHCg1CzzTGWA9VsteJv7n9WLt37gJE1GsqSCLRX7MkQ5RlgAaMkmJ5jNDMJHM3IrIGEtMtMmpZEJwll9eJe3LqlOr1h6uKvXbPI4inMApXIAD11CHBjShBQSe4Ble4c2aWi/Wu/WxaC1Y+cwx/IH1+QMl4JG2</latexit>

HE0

<latexit sha1_base64="20KbOWfHJOsiL/Go7sdcFjHUJJY=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIZakShApjBUvHIuhFaqLIcd3WqmNHtoNURZlZeBUWBhBi5QnYeBvcNgO0/JKlT/85R8fnD2NGlXacb6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0SKMMpJS1PNSDeWBEUhI51wfDOtdx6IVFTwez2JiR+hIacDipE2VmAfe3IkAgd6lMPUw4jBu6wyh0YWpE52Fthlp+rMBJfBzaEMcjUD+8vrC5xEhGvMkFI914m1nyKpKWYkK3mJIjHCYzQkPYMcRUT56eyUDJ4apw8HQprHNZy5vydSFCk1iULTGSE9Uou1qflfrZfowZWfUh4nmnA8XzRIGNQCTnOBfSoJ1mxiAGFJzV8hHiGJsDbplUwI7uLJy9A+r7q1au32oly/zuMogiNwAirABZegDhqgCVoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH0fNmWI=</latexit>

⇢0 2 S(H0)

<latexit sha1_base64="fnBCA8jDLQe1uE6WQJoRExmTc3k=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbRU9kVqR6LInis0C9ol5JN0zY0ya5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHGmjet+O7m19Y3Nrfx2YWd3b/+geHjU1GGsCG2QkIeqHWBNOZO0YZjhtB0pikXAaSsY38381oQqzUJZN9OI+gIPJRswgo2V/KSrBKqrtJfcn6e9Ysktu3OgVeJlpAQZar3iV7cfklhQaQjHWnc8NzJ+gpVhhNO00I01jTAZ4yHtWCqxoNpP5ken6MwqfTQIlS1p0Fz9PZFgofVUBLZTYDPSy95M/M/rxGZw4ydMRrGhkiwWDWKOTIhmCaA+U5QYPrUEE8XsrYiMsMLE2JwKNgRv+eVV0rwse5Vy5fGqVL3N4sjDCZzCBXhwDVV4gBo0gMATPMMrvDkT58V5dz4WrTknmzmGP3A+fwBrHpHj</latexit>

TrE0

<latexit sha1_base64="QElOwKNdG2Mljmrw3WF2z65W0XY="></latexit>

U
h
|0ih0|E ⌦ ⇢0

i
U†

<latexit sha1_base64="9i1AtFTYuUUP+9RaEomL7THLi2Y="></latexit>

PxU
h
|0ih0|E ⌦ ⇢0

i
U†Px

<latexit sha1_base64="nIkBG6EPP2xXwbi4UUy7mNFN1jQ="></latexit>

TrE0

h
PxU

h
|0ih0|E ⌦ ⇢0

i
U†Px

i

<latexit sha1_base64="JmR1EloVulcQfYaV+6fn1Cv3IuY=">AAACG3icbZBNS8MwGMfT+Tbn29Sjl+AQ5mW0Q6bHMS87TnAvsJaSpukWlqYlSYej9Ht48at48aCIJ8GD38as20E3Hwj8+P+fJ3ny92JGpTLNb6Owsbm1vVPcLe3tHxwelY9PejJKBCZdHLFIDDwkCaOcdBVVjAxiQVDoMdL3Jrdzvz8lQtKI36tZTJwQjTgNKEZKS265bk+REOPITe38slQQP4MPGbQph1pDDLay6gLamZta2aVbrpg1My+4DtYSKmBZHbf8afsRTkLCFWZIyqFlxspJkVAUM5KV7ESSGOEJGpGhRo5CIp00XyeDF1rxYRAJfbiCufp7IkWhlLPQ050hUmO56s3F/7xhooIbJ6U8ThThePFQkDCoIjgPCvpUEKzYTAPCgupdIR4jgbDScZZ0CNbql9ehV69ZjVrj7qrSbC3jKIIzcA6qwALXoAnaoAO6AINH8AxewZvxZLwY78bHorVgLGdOwZ8yvn4A8zGhUw==</latexit>

%x 2 B(H1)

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

<latexit sha1_base64="CMBf5fTVUaNVgVSitWMsEKPUGMc=">AAAB/HicbVBNSwMxEJ2tX7V+rfboJVhET2VXpHosiuCxgv2AdinZNG1Dk+ySZIWytH/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2POtPG8bye3tr6xuZXfLuzs7u0fuIdHDR0litA6iXikWiHWlDNJ64YZTluxoliEnDbD0e3Mbz5RpVkkH804poHAA8n6jGBjpa5bTDtKIEGxThSTg8n07gx13ZJX9uZAq8TPSAky1LruV6cXkURQaQjHWrd9LzZBipVhhNNJoZNoGmMywgPatlRiQXWQzo+foFOr9FA/UrakQXP190SKhdZjEdpOgc1QL3sz8T+vnZj+dZAyGSeGSrJY1E84MhGaJYF6TFFi+NgSTBSztyIyxAoTY/Mq2BD85ZdXSeOi7FfKlYfLUvUmiyMPx3AC5+DDFVThHmpQBwJjeIZXeHOmzovz7nwsWnNONlOEP3A+fwBi/ZSc</latexit>

measuring E0

<latexit sha1_base64="wSr3ETXCgQBN0UbDG78krN95Xqo=">AAAB/nicbVBNSwMxEM36WevXqnjyEiyip7IrUj0WRfBYwX5AW0o2zbahSXZJZoWytPhXvHhQxKu/w5v/xrTdg7Y+GHi8N8PMvCAW3IDnfTtLyyura+u5jfzm1vbOrru3XzNRoimr0khEuhEQwwRXrAocBGvEmhEZCFYPBjcTv/7ItOGReoBhzNqS9BQPOSVgpY57mLa0xKAJ5ao3jhIYjW9PcccteEVvCrxI/IwUUIZKx/1qdSOaSKaACmJM0/diaKdEA6eCjfKtxLCY0AHpsaalikhm2un0/BE+sUoXh5G2pQBP1d8TKZHGDGVgOyWBvpn3JuJ/XjOB8KqdchUnwBSdLQoTgSHCkyxwl2tGQQwtIVRzeyumfWKzAJtY3obgz7+8SGrnRb9ULN1fFMrXWRw5dISO0Rny0SUqoztUQVVEUYqe0St6c56cF+fd+Zi1LjnZzAH6A+fzBy5UlaM=</latexit>

tracing out E0

Kraus operators: 
<latexit sha1_base64="3ZsntIB63g8fflkWvn0OG3tr+OM=">AAACDXicbVDLSgMxFM34rPU16tJNsIquyoxIdSMUpeCygn1AZxgy6W0bmskMSUYotT/gxl9x40IRt+7d+Tem0y609cCFk3Pu5eaeMOFMacf5thYWl5ZXVnNr+fWNza1te2e3ruJUUqjRmMeyGRIFnAmoaaY5NBMJJAo5NML+9dhv3INULBZ3epCAH5GuYB1GiTZSYB9Wgj6+xB4nossBw7F5PuCaKQd7MhODSmAXnKKTAc8Td0oKaIpqYH957ZimEQhNOVGq5TqJ9odEakY5jPJeqiAhtE+60DJUkAiUP8yuGeEjo7RxJ5amhMaZ+ntiSCKlBlFoOiOie2rWG4v/ea1Udy78IRNJqkHQyaJOyrGO8Tga3GYSqOYDQwiVzPwV0x6RhGoTYN6E4M6ePE/qp0W3VCzdnhXKV9M4cmgfHaAT5KJzVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8AyqOZhQ==</latexit>

Ek = he0k|U |0iE
<latexit sha1_base64="KzkQSUA24LsWSquwohfpi6foZcY=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjUsVVUYQuK9gHdIYhk2ba0MyDJCOUoTs3/oobF4q49Rfc+Tem7YDaeiBwcs69JOf4CWdSWdaXUVhaXlldK66XNja3tnfM3b2WjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfvD64nfvqdCsji6U6OEuiHuRyxgBCsteebhjTe8RJlDMEf1sWchR8U/V9szy1bFmgItEjsnZcjR8MxPpxeTNKSRIhxL2bWtRLkZFooRTsclJ5U0wWSI+7SraYRDKt1smmOMjrXSQ0Es9IkUmqq/NzIcSjkKfT0ZYjWQ895E/M/rpiq4cDMWJamiEZk9FKQc6ayTUlCPCUoUH2mCiWD6r4gMsMBE6epKugR7PvIiaZ1W7GqlentWrl3ldRThAI7gBGw4hxrUoQFNIPAAT/ACr8aj8Wy8Ge+z0YKR7+zDHxgf32Qnl8E=</latexit>

Ek : H0 ! H1

<latexit sha1_base64="rJBWiy5e9vle2zzckMl9r9Y32ps="></latexit>X

k2x

he0k|U |0ih0|E ⌦ ⇢0U
†|e0ki<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=

Quantum 
Instrument  Ix

<latexit sha1_base64="yHnGAfTs7KAd+HQL+3eXoHJknak=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlEqhuh6EZ3FewDmhAmk2k7dPJgZlJaQr7Cjb/ixoUibsWdf+MkzUJbDwyce869M3eOGzEqpGF8a0vLK6tr66WN8ubW9s6uvrffFmHMMWnhkIW86yJBGA1IS1LJSDfiBPkuIx13dJP5nTHhgobBg5xGxPbRIKB9ipFUkqOfJlZ+ScKJl0JVIAbvUmeSwqrFh6FjnMAraI0Rz4qJo1eMmpEDLhKzIBVQoOnoX5YX4tgngcQMCdEzjUjaCeKSYkbSshULEiE8QgPSUzRAPhF2km+UwmOleLAfcnUCCXP190SCfCGmvqs6fSSHYt7LxP+8Xiz7l3ZCgyiWJMCzh/oxgzKEWUbQo5xgyaaKIMyp2hXiIeIIS5VkWYVgzn95kbTPama9Vr8/rzSuizhK4BAcgSowwQVogFvQBC2AwSN4Bq/gTXvSXrR37WPWuqQVMwfgD7TPH3E/nuk=</latexit>

Ix(⇢0) = %x

<latexit sha1_base64="Ql92x2Lgz+AYu0PmvSkyzgG8zLM=">AAACMXicbVC7TsMwFHV4lvAqMLJYVEjtUiUIFcRUlaVsRdCH1EaR4zitVech20FUUX6JhT9BLB1AiJWfwGkzlJYjWTr3nHvt6+NEjAppGFNtbX1jc2u7sKPv7u0fHBaPjjsijDkmbRyykPccJAijAWlLKhnpRZwg32Gk64xvM7/7RLigYfAoJxGxfDQMqEcxkkqyi81kMLsk4cRNoSoQg3ep/Zze6PPiIS3PSTO1jYo+kGFuNBYMs6LbxZJRNWaAq8TMSQnkaNnFt4Eb4tgngcQMCdE3jUhaCeKSYkZSfRALEiE8RkPSVzRAPhFWMls2hedKcaEXcnUCCWfq4kSCfCEmvqM6fSRHYtnLxP+8fiy9ayuhQRRLEuD5Q17MoAxhFh90KSdYsokiCHOqdoV4hDjCUoWchWAuf3mVdC6qZq1au78s1Rt5HAVwCs5AGZjgCtRBE7RAG2DwAt7BB/jUXrWp9qV9z1vXtHzmBPyB9vML+8OoJw==</latexit>

Ix : S(H0) ! B(H1)

<latexit sha1_base64="RYvPskulY1wjpc6WCSYCtID5hEE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7APaoWTSO21okhmSTKEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji5z/3OFJRmsXwyswQCQUaSRYwSY6WB6/aVwCCnTMVSgDR44Fa9mrcAXid+QaqoQHPgfvWHMU3zMOVE657vJSbIiDKMcphX+qmGhNAJGUHPUkkE6CBbXD7HF1YZ4ihW9tnlC/V3IiNC65kI7aQgZqxXvVz8z+ulJroNMiaT1ICky0VRyrGJcV4DHjIF1PCZJYQqZm/FdEwUocaWVbEl+KtfXiftq5pfr9Ufr6uNu6KOMjpD5+gS+egGNdADaqIWomiKntErenMy58V5dz6WoyWnyJyiP3A+fwBmLJOG</latexit>

environment

<latexit sha1_base64="X+to2qHfl4ctcwg+en9qHZp31L8=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIjUt0IRRFcVrAX6NQhkzltQzOZIcmIZZg3ceOruHGhiLjr25heFtp6IPDx/+ckJ3+QcKa044yspeWV1bX1wkZxc2t7Z9fe22+oOJUU6jTmsWwFRAFnAuqaaQ6tRAKJAg7NYHA99puPIBWLxb0eJtCJSE+wLqNEG8m3K5fYU2nkZwPsMYEzb3JlJiHM8VOe4+KNbxzZj30HG3zwQtLrgfTtklN2JoUXwZ1BCc2q5tvfXhjTNAKhKSdKtV0n0Z2MSM0oh7zopQoSQgekB22DgkSgOtlkmRwfGyXE3ViaIzSeqL8nMhIpNYwC0xkR3Vfz3lj8z2ununvRyZhIUg2CTh/qphzrGI/DwiGTQDUfGiBUMrMrpn0iCdUm0qIJwZ3/8iI0TstupVy5OytVr2ZxFNAhOkInyEXnqIpuUQ3VEUXP6BW9ow/rxXqzPq2vaeuSNZs5QH/KGv0Awl+iMw==</latexit>

=
X

k2x

Ek⇢0E
†
k

<latexit sha1_base64="1uN5z5Kr+lh62Hthxmbim4+2Nv0=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIVDdC0Y3LCvYBTQiTyaQdOpmEmUmxhLjxV9y4UMStf+HOv3GaZqGtBy4czrl37tzjJ4xKZVnfxtLyyuraemWjurm1vbNr7u13ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbqZ+d0yEpDG/V5OEuBEacBpSjJSWPPPQGSMhhrGXOcVjmSBB/pDDK8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuW5vBEKwEMY6GLK1iovycyFEk5iXzdGSE1lPPeVPzP66cqvHQzypNUEY5ni8KUQRXDaRwwoIJgxSaaICyo/ivEQyQQVjq0qg7Bnj95kXTO6naj3rg7rzWvyzgq4Agcg1NggwvQBLegBdoAg0fwDF7Bm/FkvBjvxsesdckoZw7AHxifP0b2l24=</latexit>%x =

<latexit sha1_base64="jCAJ/BiVE6SHQQDw4evOLNPzYDY="></latexit>

Px =
X

k2x

|ekihek|E0

measurement outcome lies in x

Quantum Instrument



Kraus operators: 
<latexit sha1_base64="3ZsntIB63g8fflkWvn0OG3tr+OM=">AAACDXicbVDLSgMxFM34rPU16tJNsIquyoxIdSMUpeCygn1AZxgy6W0bmskMSUYotT/gxl9x40IRt+7d+Tem0y609cCFk3Pu5eaeMOFMacf5thYWl5ZXVnNr+fWNza1te2e3ruJUUqjRmMeyGRIFnAmoaaY5NBMJJAo5NML+9dhv3INULBZ3epCAH5GuYB1GiTZSYB9Wgj6+xB4nossBw7F5PuCaKQd7MhODSmAXnKKTAc8Td0oKaIpqYH957ZimEQhNOVGq5TqJ9odEakY5jPJeqiAhtE+60DJUkAiUP8yuGeEjo7RxJ5amhMaZ+ntiSCKlBlFoOiOie2rWG4v/ea1Udy78IRNJqkHQyaJOyrGO8Tga3GYSqOYDQwiVzPwV0x6RhGoTYN6E4M6ePE/qp0W3VCzdnhXKV9M4cmgfHaAT5KJzVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8AyqOZhQ==</latexit>

Ek = he0k|U |0iE
<latexit sha1_base64="KzkQSUA24LsWSquwohfpi6foZcY=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjUsVVUYQuK9gHdIYhk2ba0MyDJCOUoTs3/oobF4q49Rfc+Tem7YDaeiBwcs69JOf4CWdSWdaXUVhaXlldK66XNja3tnfM3b2WjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfvD64nfvqdCsji6U6OEuiHuRyxgBCsteebhjTe8RJlDMEf1sWchR8U/V9szy1bFmgItEjsnZcjR8MxPpxeTNKSRIhxL2bWtRLkZFooRTsclJ5U0wWSI+7SraYRDKt1smmOMjrXSQ0Es9IkUmqq/NzIcSjkKfT0ZYjWQ895E/M/rpiq4cDMWJamiEZk9FKQc6ayTUlCPCUoUH2mCiWD6r4gMsMBE6epKugR7PvIiaZ1W7GqlentWrl3ldRThAI7gBGw4hxrUoQFNIPAAT/ACr8aj8Wy8Ge+z0YKR7+zDHxgf32Qnl8E=</latexit>

Ek : H0 ! H1

- Linear 
- Completely Positive

Q. What is the general property of the Q-Instrument map?

post-QI (normalised) state

← state-to-(normalised)state map is NOT linear

<latexit sha1_base64="yHnGAfTs7KAd+HQL+3eXoHJknak=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlEqhuh6EZ3FewDmhAmk2k7dPJgZlJaQr7Cjb/ixoUibsWdf+MkzUJbDwyce869M3eOGzEqpGF8a0vLK6tr66WN8ubW9s6uvrffFmHMMWnhkIW86yJBGA1IS1LJSDfiBPkuIx13dJP5nTHhgobBg5xGxPbRIKB9ipFUkqOfJlZ+ScKJl0JVIAbvUmeSwqrFh6FjnMAraI0Rz4qJo1eMmpEDLhKzIBVQoOnoX5YX4tgngcQMCdEzjUjaCeKSYkbSshULEiE8QgPSUzRAPhF2km+UwmOleLAfcnUCCXP190SCfCGmvqs6fSSHYt7LxP+8Xiz7l3ZCgyiWJMCzh/oxgzKEWUbQo5xgyaaKIMyp2hXiIeIIS5VkWYVgzn95kbTPama9Vr8/rzSuizhK4BAcgSowwQVogFvQBC2AwSN4Bq/gTXvSXrR37WPWuqQVMwfgD7TPH3E/nuk=</latexit>

Ix(⇢0) = %x
<latexit sha1_base64="X+to2qHfl4ctcwg+en9qHZp31L8=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIjUt0IRRFcVrAX6NQhkzltQzOZIcmIZZg3ceOruHGhiLjr25heFtp6IPDx/+ckJ3+QcKa044yspeWV1bX1wkZxc2t7Z9fe22+oOJUU6jTmsWwFRAFnAuqaaQ6tRAKJAg7NYHA99puPIBWLxb0eJtCJSE+wLqNEG8m3K5fYU2nkZwPsMYEzb3JlJiHM8VOe4+KNbxzZj30HG3zwQtLrgfTtklN2JoUXwZ1BCc2q5tvfXhjTNAKhKSdKtV0n0Z2MSM0oh7zopQoSQgekB22DgkSgOtlkmRwfGyXE3ViaIzSeqL8nMhIpNYwC0xkR3Vfz3lj8z2ununvRyZhIUg2CTh/qphzrGI/DwiGTQDUfGiBUMrMrpn0iCdUm0qIJwZ3/8iI0TstupVy5OytVr2ZxFNAhOkInyEXnqIpuUQ3VEUXP6BW9ow/rxXqzPq2vaeuSNZs5QH/KGv0Awl+iMw==</latexit>

=
X

k2x

Ek⇢0E
†
k

A.

<latexit sha1_base64="y9mXbsr9l8CYzDmUNNe2PhUehw4="></latexit>

%x =
X

k2x

(Ek
p
⇢0)(

p
⇢0E

†
k)

Kraus operators: 
<latexit sha1_base64="3ZsntIB63g8fflkWvn0OG3tr+OM=">AAACDXicbVDLSgMxFM34rPU16tJNsIquyoxIdSMUpeCygn1AZxgy6W0bmskMSUYotT/gxl9x40IRt+7d+Tem0y609cCFk3Pu5eaeMOFMacf5thYWl5ZXVnNr+fWNza1te2e3ruJUUqjRmMeyGRIFnAmoaaY5NBMJJAo5NML+9dhv3INULBZ3epCAH5GuYB1GiTZSYB9Wgj6+xB4nossBw7F5PuCaKQd7MhODSmAXnKKTAc8Td0oKaIpqYH957ZimEQhNOVGq5TqJ9odEakY5jPJeqiAhtE+60DJUkAiUP8yuGeEjo7RxJ5amhMaZ+ntiSCKlBlFoOiOie2rWG4v/ea1Udy78IRNJqkHQyaJOyrGO8Tga3GYSqOYDQwiVzPwV0x6RhGoTYN6E4M6ePE/qp0W3VCzdnhXKV9M4cmgfHaAT5KJzVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8AyqOZhQ==</latexit>

Ek = he0k|U |0iE
<latexit sha1_base64="KzkQSUA24LsWSquwohfpi6foZcY=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjUsVVUYQuK9gHdIYhk2ba0MyDJCOUoTs3/oobF4q49Rfc+Tem7YDaeiBwcs69JOf4CWdSWdaXUVhaXlldK66XNja3tnfM3b2WjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfvD64nfvqdCsji6U6OEuiHuRyxgBCsteebhjTe8RJlDMEf1sWchR8U/V9szy1bFmgItEjsnZcjR8MxPpxeTNKSRIhxL2bWtRLkZFooRTsclJ5U0wWSI+7SraYRDKt1smmOMjrXSQ0Es9IkUmqq/NzIcSjkKfT0ZYjWQ895E/M/rpiq4cDMWJamiEZk9FKQc6ayTUlCPCUoUH2mCiWD6r4gMsMBE6epKugR7PvIiaZ1W7GqlentWrl3ldRThAI7gBGw4hxrUoQFNIPAAT/ACr8aj8Wy8Ge+z0YKR7+zDHxgf32Qnl8E=</latexit>

Ek : H0 ! H1

- Linear 
- Trace decreasing 
- Completely Positive

Q. What is the general property of the QI map?

<latexit sha1_base64="1MZ0zliSCvq8+gTHAtUkKkv8eAk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi1WVRBJdV7AOaECbTSTt0MhNmJkIJXbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+8JE0aVdpxvq7Syura+Ud6sbG3v7O7Z+wcdJVKJSRsLJmQvRIowyklbU81IL5EExSEj3XB8lfvdByIVFfxeTxLix2jIaUQx0kYK7GrmxUiPwgi60+AOekLTmCiYXQfjaWDXnLozA1wmbkFqoEArsL+8gcBpTLjGDCnVd51E+xmSmmJGphUvVSRBeIyGpG8oR2aVn82emMJjowxgJKQpruFM/T2RoVipSRyazvxitejl4n9eP9XRhZ9RnqSacDxfFKUMagHzROCASoI1mxiCsKTmVohHSCKsTW4VE4K7+PIy6ZzW3Ua9cXtWa14WcZRBFRyBE+CCc9AEN6AF2gCDR/AMXsGb9WS9WO/Wx7y1ZBUzh+APrM8fE7KXwA==</latexit>

1R ⌦ Ek

<latexit sha1_base64="Fb6Nf9ZaBp22xBMP54rTg7OB30M="></latexit>

R⌦ S(H0) �! R⌦ B(H1)

Completely positive map

is also positive

<latexit sha1_base64="K9yns4sOnGP/IpkGmiSz51FVkfc=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCqzIRqW6EohuXFXqDJoTJdNIOnWTCzKRYQl/Dja/ixoUiLnXl2zhps9DWHwZ+vnMOZ84fJJwpjdC3tbK6tr6xWdoqb+/s7u3bB4dtJVJJaIsILmQ3wIpyFtOWZprTbiIpjgJOO8HoNq93xlQqJuKmniTUi/AgZiEjWBvk2whBl1OYuTKCTTmF7hhLORT+wwLOGYLX0PHtCqqimeCycQpTAYUavv3p9gVJIxprwrFSPQcl2suw1IxwOi27qaIJJiM8oD1jYxxR5WWzy6bw1JA+DIU0L9ZwRn9PZDhSahIFpjPCeqgWazn8r9ZLdXjlZSxOUk1jMl8UphxqAfOYYJ9JSjSfGIOJZOavkAyxxESbMMsmBGfx5GXTPq86tWrt/qJSvyniKIFjcALOgAMuQR3cgQZoAQIewTN4BW/Wk/VivVsf89YVq5g5An9kff0AehSeuQ==</latexit>

0  Tr%x  Tr⇢0 = 1

post-QI (normalised) state

← state-to-(normalised)state map is NOT linear

<latexit sha1_base64="yHnGAfTs7KAd+HQL+3eXoHJknak=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlEqhuh6EZ3FewDmhAmk2k7dPJgZlJaQr7Cjb/ixoUibsWdf+MkzUJbDwyce869M3eOGzEqpGF8a0vLK6tr66WN8ubW9s6uvrffFmHMMWnhkIW86yJBGA1IS1LJSDfiBPkuIx13dJP5nTHhgobBg5xGxPbRIKB9ipFUkqOfJlZ+ScKJl0JVIAbvUmeSwqrFh6FjnMAraI0Rz4qJo1eMmpEDLhKzIBVQoOnoX5YX4tgngcQMCdEzjUjaCeKSYkbSshULEiE8QgPSUzRAPhF2km+UwmOleLAfcnUCCXP190SCfCGmvqs6fSSHYt7LxP+8Xiz7l3ZCgyiWJMCzh/oxgzKEWUbQo5xgyaaKIMyp2hXiIeIIS5VkWYVgzn95kbTPama9Vr8/rzSuizhK4BAcgSowwQVogFvQBC2AwSN4Bq/gTXvSXrR37WPWuqQVMwfgD7TPH3E/nuk=</latexit>

Ix(⇢0) = %x
<latexit sha1_base64="X+to2qHfl4ctcwg+en9qHZp31L8=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIjUt0IRRFcVrAX6NQhkzltQzOZIcmIZZg3ceOruHGhiLjr25heFtp6IPDx/+ckJ3+QcKa044yspeWV1bX1wkZxc2t7Z9fe22+oOJUU6jTmsWwFRAFnAuqaaQ6tRAKJAg7NYHA99puPIBWLxb0eJtCJSE+wLqNEG8m3K5fYU2nkZwPsMYEzb3JlJiHM8VOe4+KNbxzZj30HG3zwQtLrgfTtklN2JoUXwZ1BCc2q5tvfXhjTNAKhKSdKtV0n0Z2MSM0oh7zopQoSQgekB22DgkSgOtlkmRwfGyXE3ViaIzSeqL8nMhIpNYwC0xkR3Vfz3lj8z2ununvRyZhIUg2CTh/qphzrGI/DwiGTQDUfGiBUMrMrpn0iCdUm0qIJwZ3/8iI0TstupVy5OytVr2ZxFNAhOkInyEXnqIpuUQ3VEUXP6BW9ow/rxXqzPq2vaeuSNZs5QH/KGv0Awl+iMw==</latexit>

=
X

k2x

Ek⇢0E
†
k

A.

<latexit sha1_base64="KZBkv0jcl8MLMCUvJAigcR4YLcY="></latexit>

⇢0 ! ⇢x =
%x

Tr%x
=

Ix(⇢0)
TrIx(⇢0)

<latexit sha1_base64="y9mXbsr9l8CYzDmUNNe2PhUehw4="></latexit>

%x =
X

k2x

(Ek
p
⇢0)(

p
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†
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<latexit sha1_base64="bZw3mi49qdZvySqZRE+hmH2nMWU="></latexit>

Tr%x = Tr

"
X

k2x

E†
kEk⇢0

# <latexit sha1_base64="4Ug/3OgESC5URo584DgqssVbD/s="></latexit>

X

k

E†
kEk = h0E |U †

 
X

k

|e0kihe0k|
!
U |0Ei = 1

Outcome of Q-Instrument map        is not normalised: 

Kraus operators: 
<latexit sha1_base64="3ZsntIB63g8fflkWvn0OG3tr+OM=">AAACDXicbVDLSgMxFM34rPU16tJNsIquyoxIdSMUpeCygn1AZxgy6W0bmskMSUYotT/gxl9x40IRt+7d+Tem0y609cCFk3Pu5eaeMOFMacf5thYWl5ZXVnNr+fWNza1te2e3ruJUUqjRmMeyGRIFnAmoaaY5NBMJJAo5NML+9dhv3INULBZ3epCAH5GuYB1GiTZSYB9Wgj6+xB4nossBw7F5PuCaKQd7MhODSmAXnKKTAc8Td0oKaIpqYH957ZimEQhNOVGq5TqJ9odEakY5jPJeqiAhtE+60DJUkAiUP8yuGeEjo7RxJ5amhMaZ+ntiSCKlBlFoOiOie2rWG4v/ea1Udy78IRNJqkHQyaJOyrGO8Tga3GYSqOYDQwiVzPwV0x6RhGoTYN6E4M6ePE/qp0W3VCzdnhXKV9M4cmgfHaAT5KJzVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8AyqOZhQ==</latexit>

Ek = he0k|U |0iE
<latexit sha1_base64="KzkQSUA24LsWSquwohfpi6foZcY=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjUsVVUYQuK9gHdIYhk2ba0MyDJCOUoTs3/oobF4q49Rfc+Tem7YDaeiBwcs69JOf4CWdSWdaXUVhaXlldK66XNja3tnfM3b2WjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfvD64nfvqdCsji6U6OEuiHuRyxgBCsteebhjTe8RJlDMEf1sWchR8U/V9szy1bFmgItEjsnZcjR8MxPpxeTNKSRIhxL2bWtRLkZFooRTsclJ5U0wWSI+7SraYRDKt1smmOMjrXSQ0Es9IkUmqq/NzIcSjkKfT0ZYjWQ895E/M/rpiq4cDMWJamiEZk9FKQc6ayTUlCPCUoUH2mCiWD6r4gMsMBE6epKugR7PvIiaZ1W7GqlentWrl3ldRThAI7gBGw4hxrUoQFNIPAAT/ACr8aj8Wy8Ge+z0YKR7+zDHxgf32Qnl8E=</latexit>

Ek : H0 ! H1

- Linear 
- Trace decreasing 
- Completely Positive

Q. What is the general property of the QI map?

<latexit sha1_base64="1MZ0zliSCvq8+gTHAtUkKkv8eAk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi1WVRBJdV7AOaECbTSTt0MhNmJkIJXbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+8JE0aVdpxvq7Syura+Ud6sbG3v7O7Z+wcdJVKJSRsLJmQvRIowyklbU81IL5EExSEj3XB8lfvdByIVFfxeTxLix2jIaUQx0kYK7GrmxUiPwgi60+AOekLTmCiYXQfjaWDXnLozA1wmbkFqoEArsL+8gcBpTLjGDCnVd51E+xmSmmJGphUvVSRBeIyGpG8oR2aVn82emMJjowxgJKQpruFM/T2RoVipSRyazvxitejl4n9eP9XRhZ9RnqSacDxfFKUMagHzROCASoI1mxiCsKTmVohHSCKsTW4VE4K7+PIy6ZzW3Ua9cXtWa14WcZRBFRyBE+CCc9AEN6AF2gCDR/AMXsGb9WS9WO/Wx7y1ZBUzh+APrM8fE7KXwA==</latexit>

1R ⌦ Ek

<latexit sha1_base64="Fb6Nf9ZaBp22xBMP54rTg7OB30M="></latexit>

R⌦ S(H0) �! R⌦ B(H1)

Completely positive map

is also positive

<latexit sha1_base64="K9yns4sOnGP/IpkGmiSz51FVkfc=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCqzIRqW6EohuXFXqDJoTJdNIOnWTCzKRYQl/Dja/ixoUiLnXl2zhps9DWHwZ+vnMOZ84fJJwpjdC3tbK6tr6xWdoqb+/s7u3bB4dtJVJJaIsILmQ3wIpyFtOWZprTbiIpjgJOO8HoNq93xlQqJuKmniTUi/AgZiEjWBvk2whBl1OYuTKCTTmF7hhLORT+wwLOGYLX0PHtCqqimeCycQpTAYUavv3p9gVJIxprwrFSPQcl2suw1IxwOi27qaIJJiM8oD1jYxxR5WWzy6bw1JA+DIU0L9ZwRn9PZDhSahIFpjPCeqgWazn8r9ZLdXjlZSxOUk1jMl8UphxqAfOYYJ9JSjSfGIOJZOavkAyxxESbMMsmBGfx5GXTPq86tWrt/qJSvyniKIFjcALOgAMuQR3cgQZoAQIewTN4BW/Wk/VivVsf89YVq5g5An9kff0AehSeuQ==</latexit>

0  Tr%x  Tr⇢0 = 1

post-QI (normalised) state

← state-to-(normalised)state map is NOT linear

<latexit sha1_base64="yHnGAfTs7KAd+HQL+3eXoHJknak=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlEqhuh6EZ3FewDmhAmk2k7dPJgZlJaQr7Cjb/ixoUibsWdf+MkzUJbDwyce869M3eOGzEqpGF8a0vLK6tr66WN8ubW9s6uvrffFmHMMWnhkIW86yJBGA1IS1LJSDfiBPkuIx13dJP5nTHhgobBg5xGxPbRIKB9ipFUkqOfJlZ+ScKJl0JVIAbvUmeSwqrFh6FjnMAraI0Rz4qJo1eMmpEDLhKzIBVQoOnoX5YX4tgngcQMCdEzjUjaCeKSYkbSshULEiE8QgPSUzRAPhF2km+UwmOleLAfcnUCCXP190SCfCGmvqs6fSSHYt7LxP+8Xiz7l3ZCgyiWJMCzh/oxgzKEWUbQo5xgyaaKIMyp2hXiIeIIS5VkWYVgzn95kbTPama9Vr8/rzSuizhK4BAcgSowwQVogFvQBC2AwSN4Bq/gTXvSXrR37WPWuqQVMwfgD7TPH3E/nuk=</latexit>

Ix(⇢0) = %x
<latexit sha1_base64="X+to2qHfl4ctcwg+en9qHZp31L8=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIjUt0IRRFcVrAX6NQhkzltQzOZIcmIZZg3ceOruHGhiLjr25heFtp6IPDx/+ckJ3+QcKa044yspeWV1bX1wkZxc2t7Z9fe22+oOJUU6jTmsWwFRAFnAuqaaQ6tRAKJAg7NYHA99puPIBWLxb0eJtCJSE+wLqNEG8m3K5fYU2nkZwPsMYEzb3JlJiHM8VOe4+KNbxzZj30HG3zwQtLrgfTtklN2JoUXwZ1BCc2q5tvfXhjTNAKhKSdKtV0n0Z2MSM0oh7zopQoSQgekB22DgkSgOtlkmRwfGyXE3ViaIzSeqL8nMhIpNYwC0xkR3Vfz3lj8z2ununvRyZhIUg2CTh/qphzrGI/DwiGTQDUfGiBUMrMrpn0iCdUm0qIJwZ3/8iI0TstupVy5OytVr2ZxFNAhOkInyEXnqIpuUQ3VEUXP6BW9ow/rxXqzPq2vaeuSNZs5QH/KGv0Awl+iMw==</latexit>

=
X

k2x

Ek⇢0E
†
k

A.

<latexit sha1_base64="KZBkv0jcl8MLMCUvJAigcR4YLcY="></latexit>

⇢0 ! ⇢x =
%x

Tr%x
=

Ix(⇢0)
TrIx(⇢0)

<latexit sha1_base64="y9mXbsr9l8CYzDmUNNe2PhUehw4="></latexit>
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(Ek
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<latexit sha1_base64="bZw3mi49qdZvySqZRE+hmH2nMWU="></latexit>

Tr%x = Tr

"
X

k2x

E†
kEk⇢0

# <latexit sha1_base64="4Ug/3OgESC5URo584DgqssVbD/s="></latexit>
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E†
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k

|e0kihe0k|
!
U |0Ei = 1

<latexit sha1_base64="ZqEDxI+hCdAtVPZk+E/okScCT6M=">AAACFHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZkepGKLpxWaE36Awlk2ba0EwyJJliGfoQbnwVNy4UcevCnW9jOh1QW38I/HznHE7OH8SMKu04X9bS8srq2npho7i5tb2za+/tN5VIJCYNLJiQ7QApwignDU01I+1YEhQFjLSC4c203hoRqajgdT2OiR+hPqchxUgb1LVPPTkQ3Xt4Bb1QIpx6IyQzMkk9GcG6hD+ka5ecspMJLho3NyWQq9a1P72ewElEuMYMKdVxnVj7KZKaYkYmRS9RJEZ4iPqkYyxHEVF+mh01gceG9GAopHlcw4z+nkhRpNQ4CkxnhPRAzdem8L9aJ9HhpZ9SHieacDxbFCYMagGnCcEelQRrNjYGYUnNXyEeIBOONjkWTQju/MmLpnlWdivlyt15qXqdx1EAh+AInAAXXIAquAU10AAYPIAn8AJerUfr2Xqz3metS1Y+cwD+yPr4Bl9lnxA=</latexit>

ωx =
εx
Trεx



Q-Instrument map is completely specified by the Choi matrix
<latexit sha1_base64="FpBHPAVCnzSRjsIkR3vBSZrrqGY=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgqsyIVJdFNy4r2Ad06pBJM21oJhmSTLEM8wVu/BU3LhRx69qdf2PaDqKtBwKHc+7l5pwgZlRpx/myCiura+sbxc3S1vbO7p69f9BSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDkZXU789JlJRwW/1JCa9CA04DSlG2ki+XfHkUPipJyNIeQY9LaA3RvJHFInO7u59u+xUnRngMnFzUgY5Gr796fUFTiLCNWZIqa7rxLqXIqkpZiQreYkiMcIjNCBdQzmKiOqlszgZrBilD0MhzeMaztTfGymKlJpEgZmMkB6qRW8q/ud1Ex1e9FLK40QTjueHwoRBE3raDexTSbBmE0MQltT8FeIhkghr02DJlOAuRl4mrdOqW6vWbs7K9cu8jiI4AsfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1Ph8tWPnOIfgD6+Mb2Becow==</latexit>

ωin → εxout

<latexit sha1_base64="yqqEsc8+LEMRgt6juhGriBIC/wU="></latexit>

ω̂in =
∑

[I,J],[K,L]

ω[I,J],[K,K]|I, J→↑K,L|

<latexit sha1_base64="S1on9tgBv2c7wCBJZVz2tKtKBtg=">AAACInicbVDLSgMxFM34rPVVdekmWARBLTMiVRdC0Y3tqoJ9QFtLJr1tQzOZIckIZdpvceOvuHGhqCvBjzF9CLX1QODcc+7l5h434Exp2/6y5uYXFpeWYyvx1bX1jc3E1nZR+aGkUKA+92XZJQo4E1DQTHMoBxKI53IouZ3rgV96AKmYL+50N4CaR1qCNRkl2kj1xEUve5TDVUlEiwO+xL3sb1GP4P64j6u+Zh4o3MO5SeewX08k7ZQ9BJ4lzpgk0Rj5euKj2vBp6IHQlBOlKo4d6FpEpGaUQz9eDRUEhHZICyqGCmLW1qLhiX28b5QGbvrSPKHxUJ2ciIinVNdzTadHdFtNewPxP68S6uZ5LWIiCDUIOlrUDDnWPh7khRtMAtW8awihkpm/YtomklBtUo2bEJzpk2dJ8STlpFPp29Nk5mocRwztoj10gBx0hjLoBuVRAVH0iJ7RK3qznqwX6936HLXOWeOZHfQH1vcPOY+i6w==</latexit>

|I, J→ = |I→e→ ↑ |J→e+
<latexit sha1_base64="bvzECvDjs1UdhMcMgQ8IvmiTToM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBGNJRKrLohtfiwr2AU0ok+mkHTqZhJmJUGIX/oobF4q49Tfc+TdO2yy09cCFwzn3cu89fsyoVLb9beTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/fzHyGw9ESBrxezWIiReiLqcBxUhpqW3uXFnX1o11C13KoZvCQwseQXfYNot2yR4DzhInI0WQodo2v9xOhJOQcIUZkrLl2LHyUiQUxYwMC24iSYxwH3VJS1OOQiK9dHz/EO5rpQODSOjiCo7V3xMpCqUchL7uDJHqyWlvJP7ntRIVnHkp5XGiCMeTRUHCoIrgKAzYoYJgxQaaICyovhXiHhIIKx1ZQYfgTL88S+rHJadcKt+dFCvnWRx5sAv2wAFwwCmogEtQBTWAwSN4Bq/gzXgyXox342PSmjOymW3wB8bnD5bSk0c=</latexit>

I, J,K,L → {+,↑}



Q-Instrument map is completely specified by the Choi matrix
<latexit sha1_base64="FpBHPAVCnzSRjsIkR3vBSZrrqGY=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgqsyIVJdFNy4r2Ad06pBJM21oJhmSTLEM8wVu/BU3LhRx69qdf2PaDqKtBwKHc+7l5pwgZlRpx/myCiura+sbxc3S1vbO7p69f9BSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDkZXU789JlJRwW/1JCa9CA04DSlG2ki+XfHkUPipJyNIeQY9LaA3RvJHFInO7u59u+xUnRngMnFzUgY5Gr796fUFTiLCNWZIqa7rxLqXIqkpZiQreYkiMcIjNCBdQzmKiOqlszgZrBilD0MhzeMaztTfGymKlJpEgZmMkB6qRW8q/ud1Ex1e9FLK40QTjueHwoRBE3raDexTSbBmE0MQltT8FeIhkghr02DJlOAuRl4mrdOqW6vWbs7K9cu8jiI4AsfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1Ph8tWPnOIfgD6+Mb2Becow==</latexit>

ωin → εxout

<latexit sha1_base64="yqqEsc8+LEMRgt6juhGriBIC/wU="></latexit>

ω̂in =
∑

[I,J],[K,L]

ω[I,J],[K,K]|I, J→↑K,L|

<latexit sha1_base64="h3wA7v5JcvaUX/12G4qCxWCPFFo="></latexit>

ω̂xout = Ix(ω̂in) =
∑

[I,J],[K,L]

ε[I,J],[K,K]Ix
(
|I, J→↑K,L|

)

<latexit sha1_base64="S1on9tgBv2c7wCBJZVz2tKtKBtg=">AAACInicbVDLSgMxFM34rPVVdekmWARBLTMiVRdC0Y3tqoJ9QFtLJr1tQzOZIckIZdpvceOvuHGhqCvBjzF9CLX1QODcc+7l5h434Exp2/6y5uYXFpeWYyvx1bX1jc3E1nZR+aGkUKA+92XZJQo4E1DQTHMoBxKI53IouZ3rgV96AKmYL+50N4CaR1qCNRkl2kj1xEUve5TDVUlEiwO+xL3sb1GP4P64j6u+Zh4o3MO5SeewX08k7ZQ9BJ4lzpgk0Rj5euKj2vBp6IHQlBOlKo4d6FpEpGaUQz9eDRUEhHZICyqGCmLW1qLhiX28b5QGbvrSPKHxUJ2ciIinVNdzTadHdFtNewPxP68S6uZ5LWIiCDUIOlrUDDnWPh7khRtMAtW8awihkpm/YtomklBtUo2bEJzpk2dJ8STlpFPp29Nk5mocRwztoj10gBx0hjLoBuVRAVH0iJ7RK3qznqwX6936HLXOWeOZHfQH1vcPOY+i6w==</latexit>

|I, J→ = |I→e→ ↑ |J→e+
<latexit sha1_base64="bvzECvDjs1UdhMcMgQ8IvmiTToM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBGNJRKrLohtfiwr2AU0ok+mkHTqZhJmJUGIX/oobF4q49Tfc+TdO2yy09cCFwzn3cu89fsyoVLb9beTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/fzHyGw9ESBrxezWIiReiLqcBxUhpqW3uXFnX1o11C13KoZvCQwseQXfYNot2yR4DzhInI0WQodo2v9xOhJOQcIUZkrLl2LHyUiQUxYwMC24iSYxwH3VJS1OOQiK9dHz/EO5rpQODSOjiCo7V3xMpCqUchL7uDJHqyWlvJP7ntRIVnHkp5XGiCMeTRUHCoIrgKAzYoYJgxQaaICyovhXiHhIIKx1ZQYfgTL88S+rHJadcKt+dFCvnWRx5sAv2wAFwwCmogEtQBTWAwSN4Bq/gzXgyXox342PSmjOymW3wB8bnD5bSk0c=</latexit>

I, J,K,L → {+,↑}

<latexit sha1_base64="JPmXnawCj4GnlabI4yBD9blTWN8=">AAAB8XicdVBNS8NAEN3Ur1q/qh69LBbBU8iKSdtb0YveKthWbEPZbDft0s0m7G7EEvovvHhQxKv/xpv/xk1bQUUfDDzem2FmXpBwprTjfFiFpeWV1bXiemljc2t7p7y711ZxKgltkZjH8ibAinImaEszzelNIimOAk47wfg89zt3VCoWi2s9Sagf4aFgISNYG+k26xHM4eW0f98vVxzbdVDdq0LHdhzkup4h9XrNRQgio+SogAWa/fJ7bxCTNKJCE46V6iIn0X6GpWaE02mplyqaYDLGQ9o1VOCIKj+bXTyFR0YZwDCWpoSGM/X7RIYjpSZRYDojrEfqt5eLf3ndVIc1P2MiSTUVZL4oTDnUMczfhwMmKdF8YggmkplbIRlhiYk2IZVMCF+fwv9J+8RGnu1dnVYaZ4s4iuAAHIJjgEAVNMAFaIIWIECAB/AEni1lPVov1uu8tWAtZvbBD1hvn7dbkPs=</latexit>Ix



Q-Instrument map is completely specified by the Choi matrix
<latexit sha1_base64="FpBHPAVCnzSRjsIkR3vBSZrrqGY=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgqsyIVJdFNy4r2Ad06pBJM21oJhmSTLEM8wVu/BU3LhRx69qdf2PaDqKtBwKHc+7l5pwgZlRpx/myCiura+sbxc3S1vbO7p69f9BSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDkZXU789JlJRwW/1JCa9CA04DSlG2ki+XfHkUPipJyNIeQY9LaA3RvJHFInO7u59u+xUnRngMnFzUgY5Gr796fUFTiLCNWZIqa7rxLqXIqkpZiQreYkiMcIjNCBdQzmKiOqlszgZrBilD0MhzeMaztTfGymKlJpEgZmMkB6qRW8q/ud1Ex1e9FLK40QTjueHwoRBE3raDexTSbBmE0MQltT8FeIhkghr02DJlOAuRl4mrdOqW6vWbs7K9cu8jiI4AsfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1Ph8tWPnOIfgD6+Mb2Becow==</latexit>

ωin → εxout

<latexit sha1_base64="yqqEsc8+LEMRgt6juhGriBIC/wU="></latexit>

ω̂in =
∑

[I,J],[K,L]

ω[I,J],[K,K]|I, J→↑K,L|

<latexit sha1_base64="h3wA7v5JcvaUX/12G4qCxWCPFFo="></latexit>

ω̂xout = Ix(ω̂in) =
∑

[I,J],[K,L]

ε[I,J],[K,K]Ix
(
|I, J→↑K,L|

)

<latexit sha1_base64="2NfwQnb6cL7Qh93Xk4zqbkQMdY4="></latexit>[
ωxout

]
[A,B],[C,D]

=
∑

[I,J],[K,L]

ε[I,J],[K,K]→A,B|Ix
(
|I, J↑→K,L|

)
|C,D↑

<latexit sha1_base64="S1on9tgBv2c7wCBJZVz2tKtKBtg=">AAACInicbVDLSgMxFM34rPVVdekmWARBLTMiVRdC0Y3tqoJ9QFtLJr1tQzOZIckIZdpvceOvuHGhqCvBjzF9CLX1QODcc+7l5h434Exp2/6y5uYXFpeWYyvx1bX1jc3E1nZR+aGkUKA+92XZJQo4E1DQTHMoBxKI53IouZ3rgV96AKmYL+50N4CaR1qCNRkl2kj1xEUve5TDVUlEiwO+xL3sb1GP4P64j6u+Zh4o3MO5SeewX08k7ZQ9BJ4lzpgk0Rj5euKj2vBp6IHQlBOlKo4d6FpEpGaUQz9eDRUEhHZICyqGCmLW1qLhiX28b5QGbvrSPKHxUJ2ciIinVNdzTadHdFtNewPxP68S6uZ5LWIiCDUIOlrUDDnWPh7khRtMAtW8awihkpm/YtomklBtUo2bEJzpk2dJ8STlpFPp29Nk5mocRwztoj10gBx0hjLoBuVRAVH0iJ7RK3qznqwX6936HLXOWeOZHfQH1vcPOY+i6w==</latexit>

|I, J→ = |I→e→ ↑ |J→e+
<latexit sha1_base64="bvzECvDjs1UdhMcMgQ8IvmiTToM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBGNJRKrLohtfiwr2AU0ok+mkHTqZhJmJUGIX/oobF4q49Tfc+TdO2yy09cCFwzn3cu89fsyoVLb9beTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/fzHyGw9ESBrxezWIiReiLqcBxUhpqW3uXFnX1o11C13KoZvCQwseQXfYNot2yR4DzhInI0WQodo2v9xOhJOQcIUZkrLl2LHyUiQUxYwMC24iSYxwH3VJS1OOQiK9dHz/EO5rpQODSOjiCo7V3xMpCqUchL7uDJHqyWlvJP7ntRIVnHkp5XGiCMeTRUHCoIrgKAzYoYJgxQaaICyovhXiHhIIKx1ZQYfgTL88S+rHJadcKt+dFCvnWRx5sAv2wAFwwCmogEtQBTWAwSN4Bq/gzXgyXox342PSmjOymW3wB8bnD5bSk0c=</latexit>

I, J,K,L → {+,↑}

<latexit sha1_base64="G6qRU8z2NWlWz14g46o3JBHMATw=">AAAB/3icbVDLSgNBEOyNrxhfq4IXL4NB8BDCrkj0GBMPHiOYB2SXMDuZJENmZ5eZWSGsOfgrXjwo4tXf8ObfOHkcNLGgoajqprsriDlT2nG+rczK6tr6RnYzt7W9s7tn7x80VJRIQusk4pFsBVhRzgSta6Y5bcWS4jDgtBkMqxO/+UClYpG416OY+iHuC9ZjBGsjdeyj60KlUC3cII8J5KXIKSAXeeOOnXeKzhRombhzkoc5ah37y+tGJAmp0IRjpdquE2s/xVIzwuk45yWKxpgMcZ+2DRU4pMpPp/eP0alRuqgXSVNCo6n6eyLFoVKjMDCdIdYDtehNxP+8dqJ7V37KRJxoKshsUS/hSEdoEgbqMkmJ5iNDMJHM3IrIAEtMtIksZ0JwF19eJo3zolsqlu4u8uXKPI4sHMMJnIELl1CGW6hBHQg8wjO8wpv1ZL1Y79bHrDVjzWcO4Q+szx9x4JMw</latexit>

A,B,C,D → {0, 1}

<latexit sha1_base64="XhO8WiKEc8+cin/KjzfRblSgwzY=">AAACI3icbVDLSgMxFM34rPU16tJNsAgupMyIVBGEtm5cVrAP6JSSSdM2NJMZkjtCmfZf3PgrblwoxY0L/8X0IWrrgcC559zLzT1+JLgGx/mwlpZXVtfWUxvpza3tnV17b7+iw1hRVqahCFXNJ5oJLlkZOAhWixQjgS9Y1e/djP3qA1Oah/Ie+hFrBKQjeZtTAkZq2leDwmkRe4rIjmD4Gg8K30UzgSH2QuAB03iAiz+65xOFYdi0M07WmQAvEndGMmiGUtMeea2QxgGTQAXRuu46ETQSooBTwYZpL9YsIrRHOqxuqCRmcyOZ3DjEx0Zp4XaozJOAJ+rviYQEWvcD33QGBLp63huL/3n1GNqXjYTLKAYm6XRROxYYQjwODLe4YhRE3xBCFTd/xbRLFKFgYk2bENz5kxdJ5Szr5rK5u/NMvjiLI4UO0RE6QS66QHl0i0qojCh6RM/oFb1ZT9aLNbLep61L1mzmAP2B9fkFX8WjkA==</latexit>

|A,B→ = |A→t ↑ |B→t̄<latexit sha1_base64="JPmXnawCj4GnlabI4yBD9blTWN8=">AAAB8XicdVBNS8NAEN3Ur1q/qh69LBbBU8iKSdtb0YveKthWbEPZbDft0s0m7G7EEvovvHhQxKv/xpv/xk1bQUUfDDzem2FmXpBwprTjfFiFpeWV1bXiemljc2t7p7y711ZxKgltkZjH8ibAinImaEszzelNIimOAk47wfg89zt3VCoWi2s9Sagf4aFgISNYG+k26xHM4eW0f98vVxzbdVDdq0LHdhzkup4h9XrNRQgio+SogAWa/fJ7bxCTNKJCE46V6iIn0X6GpWaE02mplyqaYDLGQ9o1VOCIKj+bXTyFR0YZwDCWpoSGM/X7RIYjpSZRYDojrEfqt5eLf3ndVIc1P2MiSTUVZL4oTDnUMczfhwMmKdF8YggmkplbIRlhiYk2IZVMCF+fwv9J+8RGnu1dnVYaZ4s4iuAAHIJjgEAVNMAFaIIWIECAB/AEni1lPVov1uu8tWAtZvbBD1hvn7dbkPs=</latexit>Ix

matrix rep. Choi matrix



Q-Instrument map is completely specified by the Choi matrix
<latexit sha1_base64="FpBHPAVCnzSRjsIkR3vBSZrrqGY=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgqsyIVJdFNy4r2Ad06pBJM21oJhmSTLEM8wVu/BU3LhRx69qdf2PaDqKtBwKHc+7l5pwgZlRpx/myCiura+sbxc3S1vbO7p69f9BSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDkZXU789JlJRwW/1JCa9CA04DSlG2ki+XfHkUPipJyNIeQY9LaA3RvJHFInO7u59u+xUnRngMnFzUgY5Gr796fUFTiLCNWZIqa7rxLqXIqkpZiQreYkiMcIjNCBdQzmKiOqlszgZrBilD0MhzeMaztTfGymKlJpEgZmMkB6qRW8q/ud1Ex1e9FLK40QTjueHwoRBE3raDexTSbBmE0MQltT8FeIhkghr02DJlOAuRl4mrdOqW6vWbs7K9cu8jiI4AsfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1Ph8tWPnOIfgD6+Mb2Becow==</latexit>

ωin → εxout

<latexit sha1_base64="yqqEsc8+LEMRgt6juhGriBIC/wU="></latexit>

ω̂in =
∑

[I,J],[K,L]

ω[I,J],[K,K]|I, J→↑K,L|

<latexit sha1_base64="h3wA7v5JcvaUX/12G4qCxWCPFFo="></latexit>

ω̂xout = Ix(ω̂in) =
∑

[I,J],[K,L]

ε[I,J],[K,K]Ix
(
|I, J→↑K,L|

)

<latexit sha1_base64="2NfwQnb6cL7Qh93Xk4zqbkQMdY4="></latexit>[
ωxout

]
[A,B],[C,D]

=
∑

[I,J],[K,L]

ε[I,J],[K,K]→A,B|Ix
(
|I, J↑→K,L|

)
|C,D↑

<latexit sha1_base64="S1on9tgBv2c7wCBJZVz2tKtKBtg=">AAACInicbVDLSgMxFM34rPVVdekmWARBLTMiVRdC0Y3tqoJ9QFtLJr1tQzOZIckIZdpvceOvuHGhqCvBjzF9CLX1QODcc+7l5h434Exp2/6y5uYXFpeWYyvx1bX1jc3E1nZR+aGkUKA+92XZJQo4E1DQTHMoBxKI53IouZ3rgV96AKmYL+50N4CaR1qCNRkl2kj1xEUve5TDVUlEiwO+xL3sb1GP4P64j6u+Zh4o3MO5SeewX08k7ZQ9BJ4lzpgk0Rj5euKj2vBp6IHQlBOlKo4d6FpEpGaUQz9eDRUEhHZICyqGCmLW1qLhiX28b5QGbvrSPKHxUJ2ciIinVNdzTadHdFtNewPxP68S6uZ5LWIiCDUIOlrUDDnWPh7khRtMAtW8awihkpm/YtomklBtUo2bEJzpk2dJ8STlpFPp29Nk5mocRwztoj10gBx0hjLoBuVRAVH0iJ7RK3qznqwX6936HLXOWeOZHfQH1vcPOY+i6w==</latexit>

|I, J→ = |I→e→ ↑ |J→e+
<latexit sha1_base64="bvzECvDjs1UdhMcMgQ8IvmiTToM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBGNJRKrLohtfiwr2AU0ok+mkHTqZhJmJUGIX/oobF4q49Tfc+TdO2yy09cCFwzn3cu89fsyoVLb9beTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/fzHyGw9ESBrxezWIiReiLqcBxUhpqW3uXFnX1o11C13KoZvCQwseQXfYNot2yR4DzhInI0WQodo2v9xOhJOQcIUZkrLl2LHyUiQUxYwMC24iSYxwH3VJS1OOQiK9dHz/EO5rpQODSOjiCo7V3xMpCqUchL7uDJHqyWlvJP7ntRIVnHkp5XGiCMeTRUHCoIrgKAzYoYJgxQaaICyovhXiHhIIKx1ZQYfgTL88S+rHJadcKt+dFCvnWRx5sAv2wAFwwCmogEtQBTWAwSN4Bq/gzXgyXox342PSmjOymW3wB8bnD5bSk0c=</latexit>

I, J,K,L → {+,↑}

<latexit sha1_base64="G6qRU8z2NWlWz14g46o3JBHMATw=">AAAB/3icbVDLSgNBEOyNrxhfq4IXL4NB8BDCrkj0GBMPHiOYB2SXMDuZJENmZ5eZWSGsOfgrXjwo4tXf8ObfOHkcNLGgoajqprsriDlT2nG+rczK6tr6RnYzt7W9s7tn7x80VJRIQusk4pFsBVhRzgSta6Y5bcWS4jDgtBkMqxO/+UClYpG416OY+iHuC9ZjBGsjdeyj60KlUC3cII8J5KXIKSAXeeOOnXeKzhRombhzkoc5ah37y+tGJAmp0IRjpdquE2s/xVIzwuk45yWKxpgMcZ+2DRU4pMpPp/eP0alRuqgXSVNCo6n6eyLFoVKjMDCdIdYDtehNxP+8dqJ7V37KRJxoKshsUS/hSEdoEgbqMkmJ5iNDMJHM3IrIAEtMtIksZ0JwF19eJo3zolsqlu4u8uXKPI4sHMMJnIELl1CGW6hBHQg8wjO8wpv1ZL1Y79bHrDVjzWcO4Q+szx9x4JMw</latexit>

A,B,C,D → {0, 1}

<latexit sha1_base64="XhO8WiKEc8+cin/KjzfRblSgwzY=">AAACI3icbVDLSgMxFM34rPU16tJNsAgupMyIVBGEtm5cVrAP6JSSSdM2NJMZkjtCmfZf3PgrblwoxY0L/8X0IWrrgcC559zLzT1+JLgGx/mwlpZXVtfWUxvpza3tnV17b7+iw1hRVqahCFXNJ5oJLlkZOAhWixQjgS9Y1e/djP3qA1Oah/Ie+hFrBKQjeZtTAkZq2leDwmkRe4rIjmD4Gg8K30UzgSH2QuAB03iAiz+65xOFYdi0M07WmQAvEndGMmiGUtMeea2QxgGTQAXRuu46ETQSooBTwYZpL9YsIrRHOqxuqCRmcyOZ3DjEx0Zp4XaozJOAJ+rviYQEWvcD33QGBLp63huL/3n1GNqXjYTLKAYm6XRROxYYQjwODLe4YhRE3xBCFTd/xbRLFKFgYk2bENz5kxdJ5Szr5rK5u/NMvjiLI4UO0RE6QS66QHl0i0qojCh6RM/oFb1ZT9aLNbLep61L1mzmAP2B9fkFX8WjkA==</latexit>

|A,B→ = |A→t ↑ |B→t̄<latexit sha1_base64="JPmXnawCj4GnlabI4yBD9blTWN8=">AAAB8XicdVBNS8NAEN3Ur1q/qh69LBbBU8iKSdtb0YveKthWbEPZbDft0s0m7G7EEvovvHhQxKv/xpv/xk1bQUUfDDzem2FmXpBwprTjfFiFpeWV1bXiemljc2t7p7y711ZxKgltkZjH8ibAinImaEszzelNIimOAk47wfg89zt3VCoWi2s9Sagf4aFgISNYG+k26xHM4eW0f98vVxzbdVDdq0LHdhzkup4h9XrNRQgio+SogAWa/fJ7bxCTNKJCE46V6iIn0X6GpWaE02mplyqaYDLGQ9o1VOCIKj+bXTyFR0YZwDCWpoSGM/X7RIYjpSZRYDojrEfqt5eLf3ndVIc1P2MiSTUVZL4oTDnUMczfhwMmKdF8YggmkplbIRlhiYk2IZVMCF+fwv9J+8RGnu1dnVYaZ4s4iuAAHIJjgEAVNMAFaIIWIECAB/AEni1lPVov1uu8tWAtZvbBD1hvn7dbkPs=</latexit>Ix

matrix rep.

16 x 16 matrix
<latexit sha1_base64="ec2M5EAtyejyt9/On7u+7ERrEr0="></latexit>

Ĩx(|I, J→↑K,L|)[A,B],[C,D] =

<latexit sha1_base64="t3f0tZ4A/H+kk7cWGjZUsSWTEHs="></latexit>

Ix(|++→↑++ |)[A,B],[C,D]
<latexit sha1_base64="FNK7rOZIaJg+Ix8sgFSM5WDoBow="></latexit>

Ix(|++→↑+↓ |)[A,B],[C,D]

<latexit sha1_base64="AbY4we/EfHSpZIyHONXq/athc7Y="></latexit>

Ix(|→+↑↓++ |)[A,B],[C,D]

<latexit sha1_base64="ZSzi+2GNt/zUKNYA6fUVDV3MjNE="></latexit>

Ix(|+→↑↓++ |)[A,B],[C,D]

<latexit sha1_base64="mi+T61huLkXQwpdjzlHRMkZ0p44="></latexit>

Ix(|→→↑↓++ |)[A,B],[C,D]
<latexit sha1_base64="Mq+VAppMo6lZUQjXg7cTnqNm2jM="></latexit>

Ix(|→→↑↓→ → |)[A,B],[C,D]

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="xDWO/yGJyAUQjC3uW+BWH4AYO88=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIVI+lXjxWMG2hDWWz3bZLN5uwOxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSKFQdf9cgobm1vbO8Xd0t7+weFR+fikbeJUM+6zWMa6G1LDpVDcR4GSdxPNaRRK3gmntwu/88i1EbF6wFnCg4iOlRgJRtFKfr8pxtVBueLW3CXIX+LlpAI5WoPyZ38YszTiCpmkxvQ8N8EgoxoFk3xe6qeGJ5RN6Zj3LFU04ibIlsfOyYVVhmQUa1sKyVL9OZHRyJhZFNrOiOLErHsL8T+vl+LoJsiESlLkiq0WjVJJMCaLz8lQaM5QziyhTAt7K2ETqilDm0/JhuCtv/yXtC9rXr1Wv7+qNJp5HEU4g3OoggfX0IA7aIEPDAQ8wQu8Osp5dt6c91VrwclnTuEXnI9vMnuOTQ==</latexit>( <latexit sha1_base64="pfRnsq6hprfwp3o0BMMw806ELtc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBL2VXpHos9eKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1O432OgCDcoVt+pmQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepwBHVfppdO0NnVhmiUCpbwqBM/T2R4kjraRTYzgibsV725uJ/Xi8x4Y2fMhEnhgqyWBQmHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/nlVdK+rHq1au3+qlJv5HEU4QRO4Rw8uIY63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w+LAo54</latexit>)

Choi matrix



<latexit sha1_base64="2NfwQnb6cL7Qh93Xk4zqbkQMdY4="></latexit>[
ωxout

]
[A,B],[C,D]

=
∑

[I,J],[K,L]

ε[I,J],[K,K]→A,B|Ix
(
|I, J↑→K,L|

)
|C,D↑

16 x 16 matrix
<latexit sha1_base64="ec2M5EAtyejyt9/On7u+7ERrEr0="></latexit>

Ĩx(|I, J→↑K,L|)[A,B],[C,D] =

<latexit sha1_base64="t3f0tZ4A/H+kk7cWGjZUsSWTEHs="></latexit>

Ix(|++→↑++ |)[A,B],[C,D]
<latexit sha1_base64="FNK7rOZIaJg+Ix8sgFSM5WDoBow="></latexit>

Ix(|++→↑+↓ |)[A,B],[C,D]

<latexit sha1_base64="AbY4we/EfHSpZIyHONXq/athc7Y="></latexit>

Ix(|→+↑↓++ |)[A,B],[C,D]

<latexit sha1_base64="ZSzi+2GNt/zUKNYA6fUVDV3MjNE="></latexit>

Ix(|+→↑↓++ |)[A,B],[C,D]

<latexit sha1_base64="mi+T61huLkXQwpdjzlHRMkZ0p44="></latexit>

Ix(|→→↑↓++ |)[A,B],[C,D]
<latexit sha1_base64="Mq+VAppMo6lZUQjXg7cTnqNm2jM="></latexit>

Ix(|→→↑↓→ → |)[A,B],[C,D]

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="xDWO/yGJyAUQjC3uW+BWH4AYO88=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIVI+lXjxWMG2hDWWz3bZLN5uwOxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSKFQdf9cgobm1vbO8Xd0t7+weFR+fikbeJUM+6zWMa6G1LDpVDcR4GSdxPNaRRK3gmntwu/88i1EbF6wFnCg4iOlRgJRtFKfr8pxtVBueLW3CXIX+LlpAI5WoPyZ38YszTiCpmkxvQ8N8EgoxoFk3xe6qeGJ5RN6Zj3LFU04ibIlsfOyYVVhmQUa1sKyVL9OZHRyJhZFNrOiOLErHsL8T+vl+LoJsiESlLkiq0WjVJJMCaLz8lQaM5QziyhTAt7K2ETqilDm0/JhuCtv/yXtC9rXr1Wv7+qNJp5HEU4g3OoggfX0IA7aIEPDAQ8wQu8Osp5dt6c91VrwclnTuEXnI9vMnuOTQ==</latexit>( <latexit sha1_base64="pfRnsq6hprfwp3o0BMMw806ELtc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBL2VXpHos9eKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1O432OgCDcoVt+pmQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepwBHVfppdO0NnVhmiUCpbwqBM/T2R4kjraRTYzgibsV725uJ/Xi8x4Y2fMhEnhgqyWBQmHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/nlVdK+rHq1au3+qlJv5HEU4QRO4Rw8uIY63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w+LAo54</latexit>)

Choi matrix

• From given input state, the output state can be immediately from the 
Choi matrix.


• Different theories predicting different spin-to-spin transition 
necessarily gives different Choi matrices.


• Choi matrix = Theory  


• Complete positivity of QI-map => Choi matrix is positive-semidefinite.



<latexit sha1_base64="dA3O37peigqcxxgJjg8sR4JzSrc="></latexit>

⇢0 2 S(H0) = C2
e� ⌦ C2

e+

<latexit sha1_base64="WCkttCXUDN5GxFzyPimzpjX3b84="></latexit>

%x 2 B(H1) = C2
t ⌦ C2

t̄

<latexit sha1_base64="WvoDAunrxTID7AyKhHtBq/9YvLQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAZBEMOMSPQY9OIxglkgk4SeTiVp0rPQXSPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1/FgKjY7zbWWWlldW17LruY3Nre0de3evqqNEcajwSEaq7jMNUoRQQYES6rECFvgSav7gZuzXHkBpEYX3OIyhGbBeKLqCMzRS2z6A1hmF1in1MKJIPZ8pim077xScCegicWckT2Yot+0vrxPxJIAQuWRaN1wnxmbKFAouYZTzEg0x4wPWg4ahIQtAN9PJ9SN6bJQO7UbKVIh0ov6eSFmg9TDwTWfAsK/nvbH4n9dIsHvVTEUYJwghny7qJpKOPzVR0I5QwFEODWFcCXMr5X2mGEcTWM6E4M6/vEiq5wW3WCjeXeRL17M4suSQHJET4pJLUiK3pEwqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz8NuJO0</latexit>

e�e+ ! tt̄

<latexit sha1_base64="Rl1kTJCGjzZbRwFSfEZozJOLu3Y=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwVWZEWjdC0Y3LCvYBnWHIpGkbmmTGJCOUaT/Fjb/ixoUiutOvMdPOQlsvhHM4515u7gljRpV2nC+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w9F15rcfiFQ0End6HBOfo4GgfYqRNlJg1zw5jAIHXkJPJTxIVUCm8D7HCTQAPYnEgBlkc8y0SWCXnYozK7hM3JyUQV6NwP70ehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR24BSeGKUH+5E0T2g4U39PpIgrNeah6eRID9Wil4n/ed1E9y/8lIo40UTg+aJ+wqCOYJYW7FFJsGZjQxCW1PwV4iGSCGuTacmE4C6evExaZxW3WqnenpfrV3kcRXAEjsEpcEEN1MENaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+FPW9w+xy6K1</latexit>

⇢0 =
X

se

qse |seihse|
<latexit sha1_base64="QHpXfE0Ewc+qO2zlYRN4OB6Ni0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBaFMSkepGKLpxWcHWQhPCZDpph04mYWYilFBw46+4caGIW3/CnX/jtM1CWw9c7uGce5m5J0gYlcq2v43C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6ARIEkY5aSmqGOkkgqAoYOQ+GF5P/PsHIiSN+Z0aJcSLUJ/TkGKktOSbB9In8BK6GaxUqrBiVaGlu2VBd+ybZbtmTwEXiZOTMsjR9M0vtxfjNCJcYYak7Dp2orwMCUUxI+OSm0qSIDxEfdLVlKOISC+b3jCGx1rpwTAWuriCU/X3RoYiKUdRoCcjpAZy3puI/3ndVIUXXkZ5kirC8eyhMGVQxXASCOxRQbBiI00QFlT/FeIBEggrHVtJh+DMn7xI2qc1p16r356VG1d5HEVwCI7ACXDAOWiAG9AELYDBI3gGr+DNeDJejHfjYzZaMPKdffAHxucPjSGTog==</latexit>

se = {++,+�,�+,��}

QFT calculation



<latexit sha1_base64="dA3O37peigqcxxgJjg8sR4JzSrc="></latexit>

⇢0 2 S(H0) = C2
e� ⌦ C2

e+

<latexit sha1_base64="WCkttCXUDN5GxFzyPimzpjX3b84="></latexit>

%x 2 B(H1) = C2
t ⌦ C2

t̄

<latexit sha1_base64="WvoDAunrxTID7AyKhHtBq/9YvLQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAZBEMOMSPQY9OIxglkgk4SeTiVp0rPQXSPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1/FgKjY7zbWWWlldW17LruY3Nre0de3evqqNEcajwSEaq7jMNUoRQQYES6rECFvgSav7gZuzXHkBpEYX3OIyhGbBeKLqCMzRS2z6A1hmF1in1MKJIPZ8pim077xScCegicWckT2Yot+0vrxPxJIAQuWRaN1wnxmbKFAouYZTzEg0x4wPWg4ahIQtAN9PJ9SN6bJQO7UbKVIh0ov6eSFmg9TDwTWfAsK/nvbH4n9dIsHvVTEUYJwghny7qJpKOPzVR0I5QwFEODWFcCXMr5X2mGEcTWM6E4M6/vEiq5wW3WCjeXeRL17M4suSQHJET4pJLUiK3pEwqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz8NuJO0</latexit>

e�e+ ! tt̄

<latexit sha1_base64="Rl1kTJCGjzZbRwFSfEZozJOLu3Y=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwVWZEWjdC0Y3LCvYBnWHIpGkbmmTGJCOUaT/Fjb/ixoUiutOvMdPOQlsvhHM4515u7gljRpV2nC+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w9F15rcfiFQ0End6HBOfo4GgfYqRNlJg1zw5jAIHXkJPJTxIVUCm8D7HCTQAPYnEgBlkc8y0SWCXnYozK7hM3JyUQV6NwP70ehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR24BSeGKUH+5E0T2g4U39PpIgrNeah6eRID9Wil4n/ed1E9y/8lIo40UTg+aJ+wqCOYJYW7FFJsGZjQxCW1PwV4iGSCGuTacmE4C6evExaZxW3WqnenpfrV3kcRXAEjsEpcEEN1MENaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+FPW9w+xy6K1</latexit>

⇢0 =
X

se

qse |seihse|
<latexit sha1_base64="QHpXfE0Ewc+qO2zlYRN4OB6Ni0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBaFMSkepGKLpxWcHWQhPCZDpph04mYWYilFBw46+4caGIW3/CnX/jtM1CWw9c7uGce5m5J0gYlcq2v43C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6ARIEkY5aSmqGOkkgqAoYOQ+GF5P/PsHIiSN+Z0aJcSLUJ/TkGKktOSbB9In8BK6GaxUqrBiVaGlu2VBd+ybZbtmTwEXiZOTMsjR9M0vtxfjNCJcYYak7Dp2orwMCUUxI+OSm0qSIDxEfdLVlKOISC+b3jCGx1rpwTAWuriCU/X3RoYiKUdRoCcjpAZy3puI/3ndVIUXXkZ5kirC8eyhMGVQxXASCOxRQbBiI00QFlT/FeIBEggrHVtJh+DMn7xI2qc1p16r356VG1d5HEVwCI7ACXDAOWiAG9AELYDBI3gGr+DNeDJejHfjYzZaMPKdffAHxucPjSGTog==</latexit>

se = {++,+�,�+,��}

<latexit sha1_base64="pDMoZtVYRq6T7G2+4U/zEjiJ9Hw=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIglpmVKoboejGZQV7gU4tmfS0Dc1khiQjlHEexI2v4saFIm5cCL6NaTugVg8EPv7/HE7O74WcKW3bn1ZmZnZufiG7mFtaXlldy69v1FQQSQpVGvBANjyigDMBVc00h0Yogfgeh7o3uBj59VuQigXiWg9DaPmkJ1iXUaKN1M4f3eGwHbvSx0wk2JVE9DjgMzyW4eYg2Z/A3reJ2/mCXbTHhf+Ck0IBpVVp59/dTkAjH4SmnCjVdOxQt2IiNaMckpwbKQgJHZAeNA0K4oNqxePjErxjlA7uBtI8ofFY/TkRE1+poe+ZTp/ovpr2RuJ/XjPS3dNWzEQYaRB0sqgbcawDPEoKd5gEqvnQAKGSmb9i2ieSUG3yzJkQnOmT/0LtsOiUiqWr40L5PI0ji7bQNtpFDjpBZXSJKqiKKLpHj+gZvVgP1pP1ar1NWjNWOrOJfpX18QVRVaBE</latexit>

|pini = |pe� , pe+i
<latexit sha1_base64="osWbzq0BGfjCMspHedgUQ5cAzlU="></latexit>

⇢0 ! |pinihpin|⌦ ⇢0 = ⇢̃0
<latexit sha1_base64="tzTNBrxZEK2eELl44D2yC6ZL6/4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSLopSQi1WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz04J33SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaV5UvGqlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+FojPM=</latexit>

1)

QFT calculation



<latexit sha1_base64="dA3O37peigqcxxgJjg8sR4JzSrc="></latexit>

⇢0 2 S(H0) = C2
e� ⌦ C2

e+

<latexit sha1_base64="WCkttCXUDN5GxFzyPimzpjX3b84="></latexit>

%x 2 B(H1) = C2
t ⌦ C2

t̄

<latexit sha1_base64="WvoDAunrxTID7AyKhHtBq/9YvLQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAZBEMOMSPQY9OIxglkgk4SeTiVp0rPQXSPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1/FgKjY7zbWWWlldW17LruY3Nre0de3evqqNEcajwSEaq7jMNUoRQQYES6rECFvgSav7gZuzXHkBpEYX3OIyhGbBeKLqCMzRS2z6A1hmF1in1MKJIPZ8pim077xScCegicWckT2Yot+0vrxPxJIAQuWRaN1wnxmbKFAouYZTzEg0x4wPWg4ahIQtAN9PJ9SN6bJQO7UbKVIh0ov6eSFmg9TDwTWfAsK/nvbH4n9dIsHvVTEUYJwghny7qJpKOPzVR0I5QwFEODWFcCXMr5X2mGEcTWM6E4M6/vEiq5wW3WCjeXeRL17M4suSQHJET4pJLUiK3pEwqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz8NuJO0</latexit>

e�e+ ! tt̄

<latexit sha1_base64="pDMoZtVYRq6T7G2+4U/zEjiJ9Hw=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIglpmVKoboejGZQV7gU4tmfS0Dc1khiQjlHEexI2v4saFIm5cCL6NaTugVg8EPv7/HE7O74WcKW3bn1ZmZnZufiG7mFtaXlldy69v1FQQSQpVGvBANjyigDMBVc00h0Yogfgeh7o3uBj59VuQigXiWg9DaPmkJ1iXUaKN1M4f3eGwHbvSx0wk2JVE9DjgMzyW4eYg2Z/A3reJ2/mCXbTHhf+Ck0IBpVVp59/dTkAjH4SmnCjVdOxQt2IiNaMckpwbKQgJHZAeNA0K4oNqxePjErxjlA7uBtI8ofFY/TkRE1+poe+ZTp/ovpr2RuJ/XjPS3dNWzEQYaRB0sqgbcawDPEoKd5gEqvnQAKGSmb9i2ieSUG3yzJkQnOmT/0LtsOiUiqWr40L5PI0ji7bQNtpFDjpBZXSJKqiKKLpHj+gZvVgP1pP1ar1NWjNWOrOJfpX18QVRVaBE</latexit>

|pini = |pe� , pe+i
<latexit sha1_base64="6BiKWSYpMX28sLlmDEASEts3gv0=">AAACJnicbVDLSgMxFM3UVx1fVZdugkVwVWZEqhuh6MZlpfYBnVoymTvT0ExmSDJCKf0aN/6KGxcVEXd+iuljYVsPBA7nnMvNPX7KmdKO823l1tY3Nrfy2/bO7t7+QeHwqKGSTFKo04QnsuUTBZwJqGumObRSCST2OTT9/t3Ebz6DVCwRj3qQQicmkWAho0QbqVu48TTjAWBP9pKugz2dYGzX8KJae/ICEkUg7YW4i7uFolNypsCrxJ2TIpqj2i2MvSChWQxCU06UartOqjtDIjWjHEa2lylICe2TCNqGChKD6gynZ47wmVECHCbSPKHxVP07MSSxUoPYN8mY6J5a9ibif1470+F1Z8hEmmkQdLYozDg2ZUw6wwGTQDUfGEKoZOavmPaIJFSbZm1Tgrt88ippXJTccqn8cFms3M7ryKMTdIrOkYuuUAXdoyqqI4pe0Bsaow/r1Xq3Pq2vWTRnzWeO0QKsn1+wAaN5</latexit>

⇢̃0 ! S⇢̃0S
† = ⇢̃1

<latexit sha1_base64="QHpXfE0Ewc+qO2zlYRN4OB6Ni0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBaFMSkepGKLpxWcHWQhPCZDpph04mYWYilFBw46+4caGIW3/CnX/jtM1CWw9c7uGce5m5J0gYlcq2v43C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6ARIEkY5aSmqGOkkgqAoYOQ+GF5P/PsHIiSN+Z0aJcSLUJ/TkGKktOSbB9In8BK6GaxUqrBiVaGlu2VBd+ybZbtmTwEXiZOTMsjR9M0vtxfjNCJcYYak7Dp2orwMCUUxI+OSm0qSIDxEfdLVlKOISC+b3jCGx1rpwTAWuriCU/X3RoYiKUdRoCcjpAZy3puI/3ndVIUXXkZ5kirC8eyhMGVQxXASCOxRQbBiI00QFlT/FeIBEggrHVtJh+DMn7xI2qc1p16r356VG1d5HEVwCI7ACXDAOWiAG9AELYDBI3gGr+DNeDJejHfjYzZaMPKdffAHxucPjSGTog==</latexit>

se = {++,+�,�+,��}

<latexit sha1_base64="fx8PdbtQv805cD8Xk9MBBtnasho=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7AbJHoMevEYxTwgWcLspDcZMju7zMwKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh8pFr1hyy+4cZJV4GSlBhnqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mlU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZm+TPlfIjBhbQpni9lbChlRRZmw4BRuCt/zyKmlWyl61XL2/LNVusjjycAKncA4eXEEN7qAODWAQwjO8wpszcl6cd+dj0Zpzsplj+APn8wfi7Yz0</latexit>

2)

<latexit sha1_base64="Rl1kTJCGjzZbRwFSfEZozJOLu3Y=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwVWZEWjdC0Y3LCvYBnWHIpGkbmmTGJCOUaT/Fjb/ixoUiutOvMdPOQlsvhHM4515u7gljRpV2nC+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w9F15rcfiFQ0End6HBOfo4GgfYqRNlJg1zw5jAIHXkJPJTxIVUCm8D7HCTQAPYnEgBlkc8y0SWCXnYozK7hM3JyUQV6NwP70ehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR24BSeGKUH+5E0T2g4U39PpIgrNeah6eRID9Wil4n/ed1E9y/8lIo40UTg+aJ+wqCOYJYW7FFJsGZjQxCW1PwV4iGSCGuTacmE4C6evExaZxW3WqnenpfrV3kcRXAEjsEpcEEN1MENaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+FPW9w+xy6K1</latexit>

⇢0 =
X

se

qse |seihse|

<latexit sha1_base64="osWbzq0BGfjCMspHedgUQ5cAzlU="></latexit>

⇢0 ! |pinihpin|⌦ ⇢0 = ⇢̃0
<latexit sha1_base64="tzTNBrxZEK2eELl44D2yC6ZL6/4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSLopSQi1WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz04J33SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaV5UvGqlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+FojPM=</latexit>

1)

QFT calculation



<latexit sha1_base64="dA3O37peigqcxxgJjg8sR4JzSrc="></latexit>

⇢0 2 S(H0) = C2
e� ⌦ C2

e+

<latexit sha1_base64="WCkttCXUDN5GxFzyPimzpjX3b84="></latexit>

%x 2 B(H1) = C2
t ⌦ C2

t̄

<latexit sha1_base64="WvoDAunrxTID7AyKhHtBq/9YvLQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAZBEMOMSPQY9OIxglkgk4SeTiVp0rPQXSPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1/FgKjY7zbWWWlldW17LruY3Nre0de3evqqNEcajwSEaq7jMNUoRQQYES6rECFvgSav7gZuzXHkBpEYX3OIyhGbBeKLqCMzRS2z6A1hmF1in1MKJIPZ8pim077xScCegicWckT2Yot+0vrxPxJIAQuWRaN1wnxmbKFAouYZTzEg0x4wPWg4ahIQtAN9PJ9SN6bJQO7UbKVIh0ov6eSFmg9TDwTWfAsK/nvbH4n9dIsHvVTEUYJwghny7qJpKOPzVR0I5QwFEODWFcCXMr5X2mGEcTWM6E4M6/vEiq5wW3WCjeXeRL17M4suSQHJET4pJLUiK3pEwqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz8NuJO0</latexit>

e�e+ ! tt̄

<latexit sha1_base64="pDMoZtVYRq6T7G2+4U/zEjiJ9Hw=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIglpmVKoboejGZQV7gU4tmfS0Dc1khiQjlHEexI2v4saFIm5cCL6NaTugVg8EPv7/HE7O74WcKW3bn1ZmZnZufiG7mFtaXlldy69v1FQQSQpVGvBANjyigDMBVc00h0Yogfgeh7o3uBj59VuQigXiWg9DaPmkJ1iXUaKN1M4f3eGwHbvSx0wk2JVE9DjgMzyW4eYg2Z/A3reJ2/mCXbTHhf+Ck0IBpVVp59/dTkAjH4SmnCjVdOxQt2IiNaMckpwbKQgJHZAeNA0K4oNqxePjErxjlA7uBtI8ofFY/TkRE1+poe+ZTp/ovpr2RuJ/XjPS3dNWzEQYaRB0sqgbcawDPEoKd5gEqvnQAKGSmb9i2ieSUG3yzJkQnOmT/0LtsOiUiqWr40L5PI0ji7bQNtpFDjpBZXSJKqiKKLpHj+gZvVgP1pP1ar1NWjNWOrOJfpX18QVRVaBE</latexit>

|pini = |pe� , pe+i
<latexit sha1_base64="osWbzq0BGfjCMspHedgUQ5cAzlU="></latexit>

⇢0 ! |pinihpin|⌦ ⇢0 = ⇢̃0
<latexit sha1_base64="6BiKWSYpMX28sLlmDEASEts3gv0=">AAACJnicbVDLSgMxFM3UVx1fVZdugkVwVWZEqhuh6MZlpfYBnVoymTvT0ExmSDJCKf0aN/6KGxcVEXd+iuljYVsPBA7nnMvNPX7KmdKO823l1tY3Nrfy2/bO7t7+QeHwqKGSTFKo04QnsuUTBZwJqGumObRSCST2OTT9/t3Ebz6DVCwRj3qQQicmkWAho0QbqVu48TTjAWBP9pKugz2dYGzX8KJae/ICEkUg7YW4i7uFolNypsCrxJ2TIpqj2i2MvSChWQxCU06UartOqjtDIjWjHEa2lylICe2TCNqGChKD6gynZ47wmVECHCbSPKHxVP07MSSxUoPYN8mY6J5a9ibif1470+F1Z8hEmmkQdLYozDg2ZUw6wwGTQDUfGEKoZOavmPaIJFSbZm1Tgrt88ippXJTccqn8cFms3M7ryKMTdIrOkYuuUAXdoyqqI4pe0Bsaow/r1Xq3Pq2vWTRnzWeO0QKsn1+wAaN5</latexit>

⇢̃0 ! S⇢̃0S
† = ⇢̃1

<latexit sha1_base64="QHpXfE0Ewc+qO2zlYRN4OB6Ni0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBaFMSkepGKLpxWcHWQhPCZDpph04mYWYilFBw46+4caGIW3/CnX/jtM1CWw9c7uGce5m5J0gYlcq2v43C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6ARIEkY5aSmqGOkkgqAoYOQ+GF5P/PsHIiSN+Z0aJcSLUJ/TkGKktOSbB9In8BK6GaxUqrBiVaGlu2VBd+ybZbtmTwEXiZOTMsjR9M0vtxfjNCJcYYak7Dp2orwMCUUxI+OSm0qSIDxEfdLVlKOISC+b3jCGx1rpwTAWuriCU/X3RoYiKUdRoCcjpAZy3puI/3ndVIUXXkZ5kirC8eyhMGVQxXASCOxRQbBiI00QFlT/FeIBEggrHVtJh+DMn7xI2qc1p16r356VG1d5HEVwCI7ACXDAOWiAG9AELYDBI3gGr+DNeDJejHfjYzZaMPKdffAHxucPjSGTog==</latexit>

se = {++,+�,�+,��}

<latexit sha1_base64="tzTNBrxZEK2eELl44D2yC6ZL6/4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSLopSQi1WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz04J33SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaV5UvGqlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+FojPM=</latexit>

1)
<latexit sha1_base64="fx8PdbtQv805cD8Xk9MBBtnasho=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7AbJHoMevEYxTwgWcLspDcZMju7zMwKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh8pFr1hyy+4cZJV4GSlBhnqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mlU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZm+TPlfIjBhbQpni9lbChlRRZmw4BRuCt/zyKmlWyl61XL2/LNVusjjycAKncA4eXEEN7qAODWAQwjO8wpszcl6cd+dj0Zpzsplj+APn8wfi7Yz0</latexit>

2)

<latexit sha1_base64="65sfwN+dxT/ZxSE4g6/fEFrSPlE=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7CrEj0GvXiMYh6QhDA7mU2GzM4uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3U795hPXRkTqEccx74Z0oEQgGEUrPVyc9Yolt+zOQJaJl5ESZKj1il+dfsSSkCtkkhrT9twYuynVKJjkk0InMTymbEQHvG2poiE33XR26YScWKVPgkjbUkhm6u+JlIbGjEPfdoYUh2bRm4r/ee0Eg+tuKlScIFdsvihIJMGITN8mfaE5Qzm2hDIt7K2EDammDG04BRuCt/jyMmmcl71KuXJ/WareZHHk4QiO4RQ8uIIq3EEN6sAggGd4hTdn5Lw4787HvDXnZDOH8AfO5w/kcoz1</latexit>

3)

<latexit sha1_base64="Rl1kTJCGjzZbRwFSfEZozJOLu3Y=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwVWZEWjdC0Y3LCvYBnWHIpGkbmmTGJCOUaT/Fjb/ixoUiutOvMdPOQlsvhHM4515u7gljRpV2nC+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w9F15rcfiFQ0End6HBOfo4GgfYqRNlJg1zw5jAIHXkJPJTxIVUCm8D7HCTQAPYnEgBlkc8y0SWCXnYozK7hM3JyUQV6NwP70ehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR24BSeGKUH+5E0T2g4U39PpIgrNeah6eRID9Wil4n/ed1E9y/8lIo40UTg+aJ+wqCOYJYW7FFJsGZjQxCW1PwV4iGSCGuTacmE4C6evExaZxW3WqnenpfrV3kcRXAEjsEpcEEN1MENaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+FPW9w+xy6K1</latexit>

⇢0 =
X

se

qse |seihse|

<latexit sha1_base64="wL1VCqXKCha1NFz8uoiDvHzvXy8="></latexit>

⇢̃1 ! Trpt,pt̄
[Px⇢̃1Px] = %0x

<latexit sha1_base64="dfNlpdxGcduvedYWQKEUK26MD5M="></latexit>

Px =
X

st

Z

x
d⇧tt̄|pt, stihpt, st|

 phase-space selectiontt̄

[2] We then evolve the entire system with the unitary S-matrix:

⇢̃0 → ⇢̃1 = S⇢̃0S
† (16)

[3] After the collision of AB, we measure the CD final state. At this
point, we might want to constrain the final state momenta in a re-
stricted region x. This may be reflected by the fact that the detector
has a finite resolution or a fiducial volume, or it is simply due to
the event selection in the analysis. The complete set in terms of
the late-time asymptotic states is given by

1̂ =�
f

�
�
�
�
�
�

�

�
�

i∈f �
d⇧i
�

�
�f��f �

�
�
�
�
�
�

, d⇧i =
d3pi

(2⇡)32Ei
(17)

where ∑f represents the summation over all single- and multi-
particle final states and all internal degrees of freedom, such as
sf . The index i labels an individual particle in the final state f .
The N particle states �f� and �f ′� has no overlap if their particle
contents are di�erent, otherwise

�f �f ′� =�
i∈f
�(2⇡)32Ei�

3
(pi − p

′
i)� . (18)

Note that this normalisation is di�erent than that of �p̃in� in Eq.
(14).
The projection operator, Px, implementing our selective measure-
ment, is a part of this complete set

Px =�
sf
�
x
d⇧CD �pf , sf ��pf , sf � , (19)

where �pf , sf � is the CD final state with the definite momenta and
spins/flavours, and x represents the selected momentum region.
With this event selection, the evolved state ⇢̃1 is projected to

⇢̃1 → %′x = TrP (Px⇢̃1)

= �

si,sf ,s′f
qsi �

x
d⇧CD �pf , sf �S �p̃in, si� �p̃in, si�S

†
�pf , s

′
f �

× �sf ��s
′
f � , (20)

where TrP is a partial trace over the final state momenta.

The above set of steps directly corresponds to the procedure of the
quantum instrument described in section 2. The map ⇢0 → %′x is linear
and trace non-increasing.

However, as we demonstrate in the appendix A, Tr%x is formally in-
finitesimally small. Therefore, the form in Eq. (20) is not practically

7

QFT calculation



QFT calculation
<latexit sha1_base64="dA3O37peigqcxxgJjg8sR4JzSrc="></latexit>

⇢0 2 S(H0) = C2
e� ⌦ C2

e+

<latexit sha1_base64="WCkttCXUDN5GxFzyPimzpjX3b84="></latexit>

%x 2 B(H1) = C2
t ⌦ C2

t̄

<latexit sha1_base64="WvoDAunrxTID7AyKhHtBq/9YvLQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAZBEMOMSPQY9OIxglkgk4SeTiVp0rPQXSPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1/FgKjY7zbWWWlldW17LruY3Nre0de3evqqNEcajwSEaq7jMNUoRQQYES6rECFvgSav7gZuzXHkBpEYX3OIyhGbBeKLqCMzRS2z6A1hmF1in1MKJIPZ8pim077xScCegicWckT2Yot+0vrxPxJIAQuWRaN1wnxmbKFAouYZTzEg0x4wPWg4ahIQtAN9PJ9SN6bJQO7UbKVIh0ov6eSFmg9TDwTWfAsK/nvbH4n9dIsHvVTEUYJwghny7qJpKOPzVR0I5QwFEODWFcCXMr5X2mGEcTWM6E4M6/vEiq5wW3WCjeXeRL17M4suSQHJET4pJLUiK3pEwqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz8NuJO0</latexit>

e�e+ ! tt̄

<latexit sha1_base64="pDMoZtVYRq6T7G2+4U/zEjiJ9Hw=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIglpmVKoboejGZQV7gU4tmfS0Dc1khiQjlHEexI2v4saFIm5cCL6NaTugVg8EPv7/HE7O74WcKW3bn1ZmZnZufiG7mFtaXlldy69v1FQQSQpVGvBANjyigDMBVc00h0Yogfgeh7o3uBj59VuQigXiWg9DaPmkJ1iXUaKN1M4f3eGwHbvSx0wk2JVE9DjgMzyW4eYg2Z/A3reJ2/mCXbTHhf+Ck0IBpVVp59/dTkAjH4SmnCjVdOxQt2IiNaMckpwbKQgJHZAeNA0K4oNqxePjErxjlA7uBtI8ofFY/TkRE1+poe+ZTp/ovpr2RuJ/XjPS3dNWzEQYaRB0sqgbcawDPEoKd5gEqvnQAKGSmb9i2ieSUG3yzJkQnOmT/0LtsOiUiqWr40L5PI0ji7bQNtpFDjpBZXSJKqiKKLpHj+gZvVgP1pP1ar1NWjNWOrOJfpX18QVRVaBE</latexit>

|pini = |pe� , pe+i
<latexit sha1_base64="osWbzq0BGfjCMspHedgUQ5cAzlU="></latexit>

⇢0 ! |pinihpin|⌦ ⇢0 = ⇢̃0
<latexit sha1_base64="6BiKWSYpMX28sLlmDEASEts3gv0=">AAACJnicbVDLSgMxFM3UVx1fVZdugkVwVWZEqhuh6MZlpfYBnVoymTvT0ExmSDJCKf0aN/6KGxcVEXd+iuljYVsPBA7nnMvNPX7KmdKO823l1tY3Nrfy2/bO7t7+QeHwqKGSTFKo04QnsuUTBZwJqGumObRSCST2OTT9/t3Ebz6DVCwRj3qQQicmkWAho0QbqVu48TTjAWBP9pKugz2dYGzX8KJae/ICEkUg7YW4i7uFolNypsCrxJ2TIpqj2i2MvSChWQxCU06UartOqjtDIjWjHEa2lylICe2TCNqGChKD6gynZ47wmVECHCbSPKHxVP07MSSxUoPYN8mY6J5a9ibif1470+F1Z8hEmmkQdLYozDg2ZUw6wwGTQDUfGEKoZOavmPaIJFSbZm1Tgrt88ippXJTccqn8cFms3M7ryKMTdIrOkYuuUAXdoyqqI4pe0Bsaow/r1Xq3Pq2vWTRnzWeO0QKsn1+wAaN5</latexit>

⇢̃0 ! S⇢̃0S
† = ⇢̃1

<latexit sha1_base64="QHpXfE0Ewc+qO2zlYRN4OB6Ni0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBaFMSkepGKLpxWcHWQhPCZDpph04mYWYilFBw46+4caGIW3/CnX/jtM1CWw9c7uGce5m5J0gYlcq2v43C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6ARIEkY5aSmqGOkkgqAoYOQ+GF5P/PsHIiSN+Z0aJcSLUJ/TkGKktOSbB9In8BK6GaxUqrBiVaGlu2VBd+ybZbtmTwEXiZOTMsjR9M0vtxfjNCJcYYak7Dp2orwMCUUxI+OSm0qSIDxEfdLVlKOISC+b3jCGx1rpwTAWuriCU/X3RoYiKUdRoCcjpAZy3puI/3ndVIUXXkZ5kirC8eyhMGVQxXASCOxRQbBiI00QFlT/FeIBEggrHVtJh+DMn7xI2qc1p16r356VG1d5HEVwCI7ACXDAOWiAG9AELYDBI3gGr+DNeDJejHfjYzZaMPKdffAHxucPjSGTog==</latexit>

se = {++,+�,�+,��}

<latexit sha1_base64="dfNlpdxGcduvedYWQKEUK26MD5M="></latexit>

Px =
X

st

Z

x
d⇧tt̄|pt, stihpt, st|

<latexit sha1_base64="tzTNBrxZEK2eELl44D2yC6ZL6/4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSLopSQi1WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz04J33SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaV5UvGqlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+FojPM=</latexit>

1)
<latexit sha1_base64="fx8PdbtQv805cD8Xk9MBBtnasho=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7AbJHoMevEYxTwgWcLspDcZMju7zMwKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh8pFr1hyy+4cZJV4GSlBhnqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mlU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZm+TPlfIjBhbQpni9lbChlRRZmw4BRuCt/zyKmlWyl61XL2/LNVusjjycAKncA4eXEEN7qAODWAQwjO8wpszcl6cd+dj0Zpzsplj+APn8wfi7Yz0</latexit>

2)

<latexit sha1_base64="65sfwN+dxT/ZxSE4g6/fEFrSPlE=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7CrEj0GvXiMYh6QhDA7mU2GzM4uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3U795hPXRkTqEccx74Z0oEQgGEUrPVyc9Yolt+zOQJaJl5ESZKj1il+dfsSSkCtkkhrT9twYuynVKJjkk0InMTymbEQHvG2poiE33XR26YScWKVPgkjbUkhm6u+JlIbGjEPfdoYUh2bRm4r/ee0Eg+tuKlScIFdsvihIJMGITN8mfaE5Qzm2hDIt7K2EDammDG04BRuCt/jyMmmcl71KuXJ/WareZHHk4QiO4RQ8uIIq3EEN6sAggGd4hTdn5Lw4787HvDXnZDOH8AfO5w/kcoz1</latexit>

3)

<latexit sha1_base64="Rl1kTJCGjzZbRwFSfEZozJOLu3Y=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwVWZEWjdC0Y3LCvYBnWHIpGkbmmTGJCOUaT/Fjb/ixoUiutOvMdPOQlsvhHM4515u7gljRpV2nC+rsLK6tr5R3Cxtbe/s7tn7By0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w9F15rcfiFQ0End6HBOfo4GgfYqRNlJg1zw5jAIHXkJPJTxIVUCm8D7HCTQAPYnEgBlkc8y0SWCXnYozK7hM3JyUQV6NwP70ehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR24BSeGKUH+5E0T2g4U39PpIgrNeah6eRID9Wil4n/ed1E9y/8lIo40UTg+aJ+wqCOYJYW7FFJsGZjQxCW1PwV4iGSCGuTacmE4C6evExaZxW3WqnenpfrV3kcRXAEjsEpcEEN1MENaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+FPW9w+xy6K1</latexit>

⇢0 =
X

se

qse |seihse|

<latexit sha1_base64="wL1VCqXKCha1NFz8uoiDvHzvXy8="></latexit>

⇢̃1 ! Trpt,pt̄
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[2] We then evolve the entire system with the unitary S-matrix:

⇢̃0 → ⇢̃1 = S⇢̃0S
† (16)

[3] After the collision of AB, we measure the CD final state. At this
point, we might want to constrain the final state momenta in a re-
stricted region x. This may be reflected by the fact that the detector
has a finite resolution or a fiducial volume, or it is simply due to
the event selection in the analysis. The complete set in terms of
the late-time asymptotic states is given by

1̂ =�
f

�
�
�
�
�
�

�

�
�

i∈f �
d⇧i
�

�
�f��f �

�
�
�
�
�
�

, d⇧i =
d3pi

(2⇡)32Ei
(17)

where ∑f represents the summation over all single- and multi-
particle final states and all internal degrees of freedom, such as
sf . The index i labels an individual particle in the final state f .
The N particle states �f� and �f ′� has no overlap if their particle
contents are di�erent, otherwise

�f �f ′� =�
i∈f
�(2⇡)32Ei�

3
(pi − p

′
i)� . (18)

Note that this normalisation is di�erent than that of �p̃in� in Eq.
(14).
The projection operator, Px, implementing our selective measure-
ment, is a part of this complete set

Px =�
sf
�
x
d⇧CD �pf , sf ��pf , sf � , (19)

where �pf , sf � is the CD final state with the definite momenta and
spins/flavours, and x represents the selected momentum region.
With this event selection, the evolved state ⇢̃1 is projected to

⇢̃1 → %′x = TrP (Px⇢̃1)

= �

si,sf ,s′f
qsi �

x
d⇧CD �pf , sf �S �p̃in, si� �p̃in, si�S

†
�pf , s

′
f �

× �sf ��s
′
f � , (20)

where TrP is a partial trace over the final state momenta.

The above set of steps directly corresponds to the procedure of the
quantum instrument described in section 2. The map ⇢0 → %′x is linear
and trace non-increasing.

However, as we demonstrate in the appendix A, Tr%x is formally in-
finitesimally small. Therefore, the form in Eq. (20) is not practically
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This completes the reconstruction of all elements of Ĩx, thereby achiev-
ing the quantum process tomography of the spin states in e+e− → tt̄.

In the case where m and n are taken to be in the x and y directions,
respectively, ⌦ and ⌅ are simplified to

⌦ = �
1 i
1 −i

� , ⌅ = 2

�

�
�
�

�

−1 0 0 1
0 0 −i −1
0 i 0 −1
−1 −i i 1

�

�
�
�

�

. (47)

5 Theoretical prediction
In this section, we derive a theoretical prediction for the Choi matrix by
a tree-level calculation in quantum field theory. For generality, we use
the following e�ective interaction Lagrangian:

L ∋ �

i

1

⇤2
i

[ ̄e�µ(c
i
LPL + c

i
RPR) e][ ̄t�

µ
(diLPL + d

i
RPR) t] , (48)

where i runs over possible contributions. For example, the Standard
Model contribution can be obtained by summing over i = A and Z with
the following replacement at the amplitude level:

i ⇤2
i ciL ciR diL diR

A s −e −e 2
3e

2
3e

Z s −m2
Z gZ �−

1
2 + sin

2 ✓w� gZ sin2 ✓w gZ �
1
2 −

2
3 sin

2 ✓w� gZ �−
2
3 sin

2 ✓w�

where ✓w is the weak mixing angle, and e and gZ = e�(sin ✓w cos ✓w) are
the electromagnetic and the Z-boson couplings, respectively.

We perform the calculation at the centre of mass frame and parametrise
the top-quark momentum, pµt = (E, q sin ✓ cos�, q sin ✓ sin�, q cos ✓) with 0 ≤

✓ ≤ ⇡ and −⇡ ≤ � ≤ ⇡, and E =
�

m2
t + q

2 =

√
s
2 . Writing the helicity ampli-

tudes as Msi→sf =M
si
sf , we find

M
++
00 = M

++
11 = ei��

i

s

2⇤2
i

�−1ciR sin ✓(diL + d
i
R) ,

M
++
01 = −ei��

i

s

2⇤2
i

ciR(1 + cos ✓)[d
i
L(1 − �) + d

i
R(1 + �)] ,

M
++
10 = −ei��

i

s

2⇤2
i

ciR(1 − cos ✓)[d
i
L(1 + �) + d

i
R(1 − �)] ,

M
−−
00 = M

−−
11 = e−i��

i

s

2⇤2
i

�−1ciL sin ✓(diL + d
i
R) ,

M
−−
01 = −e−i��
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s
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ciL(1 − cos ✓)[d
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L(1 − �) + d
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R(1 + �)] ,

M
−−
10 = −e−i��
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s

2⇤2
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ciL(1 + cos ✓)[d
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L(1 + �) + d

i
R(1 − �)] (49)
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t̄

This completes the reconstruction of all elements of Ĩx, thereby achiev-
ing the quantum process tomography of the spin states in e+e− → tt̄.

In the case where m and n are taken to be in the x and y directions,
respectively, ⌦ and ⌅ are simplified to

⌦ = �
1 i
1 −i

� , ⌅ = 2

�

�
�
�

�

−1 0 0 1
0 0 −i −1
0 i 0 −1
−1 −i i 1

�

�
�
�

�

. (47)

5 Theoretical prediction
In this section, we derive a theoretical prediction for the Choi matrix by
a tree-level calculation in quantum field theory. For generality, we use
the following e�ective interaction Lagrangian:

L ∋ �

i

1

⇤2
i

[ ̄e�µ(c
i
LPL + c

i
RPR) e][ ̄t�

µ
(diLPL + d

i
RPR) t] , (48)

where i runs over possible contributions. For example, the Standard
Model contribution can be obtained by summing over i = A and Z with
the following replacement at the amplitude level:

i ⇤2
i ciL ciR diL diR

A s −e −e 2
3e

2
3e

Z s −m2
Z gZ �−

1
2 + sin

2 ✓w� gZ sin2 ✓w gZ �
1
2 −

2
3 sin

2 ✓w� gZ �−
2
3 sin

2 ✓w�

where ✓w is the weak mixing angle, and e and gZ = e�(sin ✓w cos ✓w) are
the electromagnetic and the Z-boson couplings, respectively.

We perform the calculation at the centre of mass frame and parametrise
the top-quark momentum, pµt = (E, q sin ✓ cos�, q sin ✓ sin�, q cos ✓) with 0 ≤

✓ ≤ ⇡ and −⇡ ≤ � ≤ ⇡, and E =
�

m2
t + q

2 =

√
s
2 . Writing the helicity ampli-

tudes as Msi→sf =M
si
sf , we find
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M+�
A,B = M�+

A,B = 0

E =
p
m2

t + q2 =
p
s
2 . The two kinematic parameters ✓ and � determine our range x of

classical outcomes of the momentum measurement, x ⇢ [0,⇡] ⇥ [�⇡,⇡]. In this setup, the
helicity amplitudes are given by

M
++
00 = M

++
11 = ei�

X

i

s

2⇤2
i

��1ciR sin ✓(diL + diR) ,

M
++
01 = �ei�

X

i

s

2⇤2
i

ciR(1 + cos ✓)[diL(1 � �) + diR(1 + �)] ,

M
++
10 = �ei�

X

i

s

2⇤2
i

ciR(1 � cos ✓)[diL(1 + �) + diR(1 � �)] ,

M
��

00 = M
��

11 = e�i�
X

i

s

2⇤2
i

��1ciL sin ✓(diL + diR) ,

M
��

01 = �e�i�
X

i

s

2⇤2
i

ciL(1 � cos ✓)[diL(1 � �) + diR(1 + �)] ,

M
��

10 = �e�i�
X

i

s

2⇤2
i

ciL(1 + cos ✓)[diL(1 + �) + diR(1 � �)] , (40)

where � = q
E and � = E

mt
. For other polarisations, the amplitudes vanish: M

+�

[A,B] = M
�+
[A,B] =

0. The phase space factor, in this case, is

d⇧LIPS =
1

4⇡

q
p
s

d⌦

4⇡
, (41)

with d⌦ = d cos ✓d�. The Choi matrix elements, Eq. (31), are obtained as

eIx =

Z

x
deI, with deI(|I, JihK,L|)[A,B],[C,D] =

1

�N

1

8⇡

q

s
p
s

M
I,J
A,B

⇣
M

K,L
C,D

⌘
⇤ d⌦

4⇡
(42)

and the normalisation factor (27) is given by

�N =
1

8⇡

q

s
p
s

Z
1

4

X

I,J,A,B

���MI,J
A,B

���
2 d⌦

4⇡
. (43)

The expression (42) guarantees that eIx is Hermitian. Also, M
+�

[A,B] = M
�+
[A,B] = 0, which

follows from the spin structure of the interaction Lagrangian (39), implies that in the Standard
Model at tree-level, the eIx has the structure

eIx =

0

BBB@

I(++,++)
x 0 0 I(++,��)

x

0 0 0 0
0 0 0 0

I(��,++)
x 0 0 I(��,��)

x

1

CCCA
, (44)

where each I(IJ,KL)
x is a 4 ⇥ 4 matrix and I(��,++)

x = [I(++,��)
x ]†. Their angular dependence
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and M+−
sf =M

−+
sf = 0, where � = q

E and � = E
mt

. The phase space factor, in
this case, is

d⇧t,t̄ =
q3

⇡2s
√
s
d cos ✓d� . (50)

From Eqs. (21) and (22), we have the expression for the diagonal entries
as

dĨ(�I, J��I, J �)(A,B),(C,D) = [d%(I,J)](A,B),(C,D)
=

1

�N
q3

4⇡2s
√
s
M

I,J
A,B �M

I,J
C,D�

∗
d cos ✓d� ,

(51)

where the normalisation factor (25) is given by

�N =
q3

16⇡2s
√
s �

d cos ✓d� �

I,J,A,B

�M
I,J
A,B �

2
. (52)

From the theoretical point of view, o�-diagonal entries of Ĩx can be
written in terms of the helicity amplitudes as

dĨ(�I, J��K,L�)(A,B),(C,D) = 1

�N
1

2s �x
d⇧MI,J

A,B �M
K,L
C,D�

∗
. (53)

This can be shown as follows. Let us consider superposition states �m�
and �n� in Eq. (37) for the initial electron and positron. The density
matrix can be expanded in terms of the 16 basis operators as

�m,n��m,n� = �↵�2���2� + +��+ + � + �↵�2��∗� + +��+ − � + � (54)

By the construction of Ĩx, the outcome of the quantum instrument of
this state is given by the same linear combination:

Ĩx(�m,n��m,n�) = �↵�2���2 ⋅ Ĩx(�++��++ �) + �↵�
2��∗ ⋅ Ĩx(�++��+− �) + � (55)

On the other hand, one can compute the same outcome with Eq. (20),
which leads to

%(m,n)
x =

1

�N
1

2s �x
d⇧ � �↵�2���2M++

sf �M
++
s′f �

∗
+ �↵�2��∗M++

sf �M
+−
s′f �

∗
+ � � ⋅ �sf ��s

′
f �

(56)

with the same linear combination. Since Ĩx(�m,n��m,n�) = %(m,n)
x for any

superposition states, �m,n� (i.e. any coe�cients ↵,�,�, �), Eq. (53) must
hold.

The expressions (51) and (53) guarantee that Ĩx is Hermitian. Also,
M
+−
sf =M

−+
sf = 0, which follows from the spin structure of the interaction
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Lagrangian (48), implies that in the Standard Model at tree-level, the Ĩx
has the structure

Ĩx =

�

�
�
�
�

�

I(++,++)x 0 0 I(++,−−)x

0 0 0 0
0 0 0 0

I(−−,++)x 0 0 I(−−,−−)x

�

�
�
�
�

�

, (57)

where each I(IJ,KL)
x is a 4 × 4 matrix and I(−−,++)x = [I(++,−−)x ]

†. Their an-
gular dependence can also be obtained as

dI(++,++)
d cos ✓d�

=

�

�
�
�
�
�

�

a(+)11 s2✓ a(+)12 s✓(1 + c✓) a(+)13 s✓(1 − c✓) a(+)14 s2✓
a(+)21 s✓(1 + c✓) a(+)22 (1 + c✓)

2 a(+)23 (1 − c
2
✓) a(+)24 s✓(1 + c✓)

a(+)31 s✓(1 − c✓) a(+)32 (1 − c
2
✓) a(+)33 (1 − c✓)

2 a(+)34 s✓(1 − c✓)

a(+)41 s2✓ a(+)42 s✓(1 + c✓) a(+)43 s✓(1 − c✓) a(+)44 s2✓

�

�
�
�
�
�

�

,

dI(++,−−)
d cos ✓d�

= ei2�

�

�
�
�
�
�

�
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2
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�

�
�
�
�
�

�
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dI(−−,−−)
d cos ✓d�
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�

�
�
�
�
�

�
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2
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2 a(−)34 s✓(1 + c✓)
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�

�
�
�
�
�

�

.

(58)

Here, the coe�cients a(�)ij are dependent on the centre of mass energy
and beyond the Standard Model contributions of the form in Eq. (48).

With this expression, dĨ�d cos ✓d� has only one non-zero eigenvalue,
which is equal to the trace of the matrix:

Tr �
dĨ

d cos ✓d�
� = D0 + 2D1 cos ✓ +D2 cos

2 ✓ (59)

with

D0 =

4

�

i=1
�a(+)ii + a

(−)
ii � ,

D1 = a
(+)
22 − a

(+)
33 − a

(−)
22 + a

(−)
33 ,

D2 = −a
(+)
11 + a

(+)
22 − a

(+)
33 + a

(+)
44 − a

(−)
11 + a

(−)
22 − a

(−)
33 + a

(−)
44 . (60)

At a threshold region with
√
s = 355 GeV, the tree-level Standard
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Lagrangian (48), implies that in the Standard Model at tree-level, the Ĩx
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where each I(IJ,KL)
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2 a(+−)24 s✓(1 + c✓)

a(+−)31 s✓(1 − c✓) a(+−)32 (1 − c✓)
2 a(+−)33 (1 − c

2
✓) a(+−)34 s✓(1 − c✓)

a(+−)41 s2✓ a(+−)42 s✓(1 − c✓) a(+−)43 s✓(1 + c✓) a(+−)44 s2✓

�

�
�
�
�
�

�

,

dI(−−,−−)
d cos ✓d�

=

�

�
�
�
�
�

�

a(−)11 s2✓ a(−)12 s✓(1 − c✓) a(−)13 s✓(1 + c✓) a(−)14 s2✓
a(−)21 s✓(1 − c✓) a(−)22 (1 − c✓)

2 a(−)23 (1 − c
2
✓) a(−)24 s✓(1 − c✓)

a(−)31 s✓(1 + c✓) a(−)32 (1 − c
2
✓) a(−)33 (1 + c✓)

2 a(−)34 s✓(1 + c✓)

a(−)41 s2✓ a(−)42 s✓(1 − c✓) a(−)43 s✓(1 + c✓) a(−)44 s2✓

�

�
�
�
�
�

�

.

(58)

Here, the coe�cients a(�)ij are dependent on the centre of mass energy
and beyond the Standard Model contributions of the form in Eq. (48).

With this expression, dĨ�d cos ✓d� has only one non-zero eigenvalue,
which is equal to the trace of the matrix:

Tr �
dĨ

d cos ✓d�
� = D0 + 2D1 cos ✓ +D2 cos

2 ✓ (59)

with

D0 =

4

�

i=1
�a(+)ii + a

(−)
ii � ,

D1 = a
(+)
22 − a

(+)
33 − a

(−)
22 + a

(−)
33 ,

D2 = −a
(+)
11 + a

(+)
22 − a

(+)
33 + a

(+)
44 − a

(−)
11 + a

(−)
22 − a

(−)
33 + a

(−)
44 . (60)

At a threshold region with
√
s = 355 GeV, the tree-level Standard
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Lagrangian (48), implies that in the Standard Model at tree-level, the Ĩx
has the structure

Ĩx =

�

�
�
�
�

�

I(++,++)x 0 0 I(++,−−)x

0 0 0 0
0 0 0 0

I(−−,++)x 0 0 I(−−,−−)x

�

�
�
�
�

�

, (57)

where each I(IJ,KL)
x is a 4 × 4 matrix and I(−−,++)x = [I(++,−−)x ]

†. Their an-
gular dependence can also be obtained as

dI(++,++)
d cos ✓d�

=

�

�
�
�
�
�

�

a(+)11 s2✓ a(+)12 s✓(1 + c✓) a(+)13 s✓(1 − c✓) a(+)14 s2✓
a(+)21 s✓(1 + c✓) a(+)22 (1 + c✓)

2 a(+)23 (1 − c
2
✓) a(+)24 s✓(1 + c✓)

a(+)31 s✓(1 − c✓) a(+)32 (1 − c
2
✓) a(+)33 (1 − c✓)

2 a(+)34 s✓(1 − c✓)

a(+)41 s2✓ a(+)42 s✓(1 + c✓) a(+)43 s✓(1 − c✓) a(+)44 s2✓

�

�
�
�
�
�

�

,

dI(++,−−)
d cos ✓d�

= ei2�

�

�
�
�
�
�

�

a(+−)11 s2✓ a(+−)12 s✓(1 − c✓) a(+−)13 s✓(1 + c✓) a(+−)14 s2✓
a(+−)21 s✓(1 + c✓) a(+−)22 (1 − c

2
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2 a(+−)24 s✓(1 + c✓)

a(+−)31 s✓(1 − c✓) a(+−)32 (1 − c✓)
2 a(+−)33 (1 − c

2
✓) a(+−)34 s✓(1 − c✓)

a(+−)41 s2✓ a(+−)42 s✓(1 − c✓) a(+−)43 s✓(1 + c✓) a(+−)44 s2✓

�

�
�
�
�
�

�

,

dI(−−,−−)
d cos ✓d�

=

�

�
�
�
�
�

�

a(−)11 s2✓ a(−)12 s✓(1 − c✓) a(−)13 s✓(1 + c✓) a(−)14 s2✓
a(−)21 s✓(1 − c✓) a(−)22 (1 − c✓)

2 a(−)23 (1 − c
2
✓) a(−)24 s✓(1 − c✓)

a(−)31 s✓(1 + c✓) a(−)32 (1 − c
2
✓) a(−)33 (1 + c✓)

2 a(−)34 s✓(1 + c✓)

a(−)41 s2✓ a(−)42 s✓(1 − c✓) a(−)43 s✓(1 + c✓) a(−)44 s2✓

�

�
�
�
�
�

�

.

(58)

Here, the coe�cients a(�)ij are dependent on the centre of mass energy
and beyond the Standard Model contributions of the form in Eq. (48).

With this expression, dĨ�d cos ✓d� has only one non-zero eigenvalue,
which is equal to the trace of the matrix:

Tr �
dĨ

d cos ✓d�
� = D0 + 2D1 cos ✓ +D2 cos

2 ✓ (59)

with

D0 =

4

�

i=1
�a(+)ii + a

(−)
ii � ,

D1 = a
(+)
22 − a

(+)
33 − a

(−)
22 + a

(−)
33 ,

D2 = −a
(+)
11 + a

(+)
22 − a

(+)
33 + a

(+)
44 − a

(−)
11 + a

(−)
22 − a

(−)
33 + a

(−)
44 . (60)

At a threshold region with
√
s = 355 GeV, the tree-level Standard
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while for
p
s = 1 TeV, these values change to

a(+)
��p

s=1TeV
=

0

BB@

0.219 �0.777 �0.494 0.219
�0.777 2.755 1.751 �0.777
�0.494 1.751 1.113 �0.494
0.219 �0.777 �0.494 0.219

1

CCA · 10�2 ,

a(+�)
��p

s=1TeV
=

0

BB@

0.340 �0.810 �1.162 0.340
�1.205 2.870 4.117 �1.205
�0.766 1.824 2.617 �0.766
0.340 �0.810 �1.162 0.340

1

CCA · 10�2 ,

a(�)
��p

s=1TeV
=

0

BB@

0.527 �1.256 �1.802 0.527
�1.256 2.990 4.290 �1.256
�1.802 4.290 6.154 �1.802
0.527 �1.256 �1.802 0.527

1

CCA · 10�2 , (115)

(D0, D1, D2)|ps=1TeV = (0.145, 0.0481, 0.115) .
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The calculation for the second order part in T is analogous to that for Eqs. (101), (102)
and (103). We obtain

Tr ⇢out
��
T 2 =

T

V

X

f 6=(pA,pB)

1

s

Z
d⇧LIPS

���Mpin
f

���
2

=
T

V
· 2 ·

2

4
X

f 6=(pA,pB)

�(pin ! f)

3

5 . (111)

In the bracket, we have the inclusive cross section, pin ! anything, except for the forward
scattering, i.e. |fi = |p↵, p�i.

Collecting all the terms, we finally get

Tr ⇢out = 1 +
T

V
· 2 ·

2

4
X

f 6=(pA,pB)

�(pin ! f) �
1

s
Im

⇥
M

pin
pin

⇤
3

5 . (112)

In this expression, it is clear that Tr ⇢out = 1 implies the optical theorem

X

f 6=(pA,pB)

�(pin ! f) =
1

s
Im

⇥
M

pin
pin

⇤
, (113)

which, as it is well known, is the direct consequence of the unitarity of the S operator, S†S =
1 ) T

†
T = i(T � T

†).

C The numerical values for a(⇤)ij and Di in the Standard Model

We report the values of a(⇤)ij and Di coe�cients appearing in Eqs. (45) and (46), evaluated at
tree-level in the Standard Model, outlined in subsection 4.1, and using measured values for the
physical constants. Near the threshold region with

p
s = 370 GeV, we obtain

a(+)
��p

s=370GeV
=

0

BB@

0.503 �1.442 0.364 0.503
�1.442 4.137 �1.043 �1.442
0.364 �1.043 0.263 0.364
0.503 �1.442 0.364 0.503

1

CCA · 10�2 ,

a(+�)
��p

s=370GeV
=

0

BB@

0.800 0.264 �1.979 0.800
�2.293 �0.758 5.676 �2.293
0.578 0.191 �1.431 0.578
0.800 0.264 �1.980 0.800

1

CCA · 10�2 ,

a(�)
��p

s=370GeV
=

0

BB@

1.271 0.420 �3.146 1.271
0.420 0.139 �1.040 0.420

�3.146 �1.040 7.788 �3.146
1.271 0.420 �3.146 1.271

1

CCA · 10�2 , (114)

(D0, D1, D2)|ps=370GeV = (0.159, 0.115, 0.0878) .
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Two theories giving different spin transitions necessarily give different Choi matrices



Reconstruction of Choi matrix

4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross
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• Reconstruction of the diagonal part:
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the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
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electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient
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{k, r,n} are defined as follows: k is taken to be the direction of the top
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by {�A,B�} = {�00� , �01� , �10� , �11�}.
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�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)
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�

�
�
�

�
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In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
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such as � + +��+ − �, we need the beam settings where electrons and/or
positrons are polarised in directions other than the z-axis. We will use
two independent axses, m and n, which may, naturally, be taken as x
and y directions, respectively. We denote the state with the definite spin
in the m and n directions as

�m� = ↵ �+� + � �−� , �−m� = ↵̄ �+� + �̄ �−� ,

�n� = � �+� + � �−� , �−n� = �̄ �+� + �̄ �−� . (37)

with �↵�2 + ���2 = ���2 + ���2 = 1 and ↵↵̄∗ + ��̄∗ = ��̄ + ��̄∗ = 0.
In the above discussion on the reconstruction of the diagonal ele-

ments, we have already established a method to experimentally obtain
%x(⇢0) for a pure state ⇢0 from imperfectly polarised beams. In what
follows, therefore, we assume the outcomes of quantum instruments
%(I,J)x ≡ %x(�I, J��I, J �) from the pure states �I, J� are already experimen-
tally reconstructed for I, J = +,−,m,n,−m,−n.

Let us start by looking at a pure state �+,m�. The density operator
for this state can be written as

⇢(+,m)0 = �+��+�⊗ �m��m�

= �↵�2� + +��+ + � + ↵�∗� + +��+ − �
+ ↵∗�� + −��+ + � + ���2� − −��− − � . (38)

Using the linearity of %x(⇢0) with respect to the initial state ⇢0, and the
similar relation for ⇢(+,n)0 , we obtain simultaneous linear relations

�
%(+,m)x − �↵�2%(+,+)x − ���2%(+,−)x

%(+,n)x − ���2%(+,+)x − ���2%(+,−)x
� = �

↵�∗ ↵∗�
��∗ �∗���

Ĩx(� + +��+ − �)

Ĩx(� + −��+ + �)
� , (39)

where the left-hand side is written in terms of observable quantities.
The o�-diagonal entries for �++��+− � and �+−��++ � are therefore obtained
by solving the above linear equations:

�
Ĩx(� + +��+ − �)

Ĩx(� + −��+ + �)
� = ⌦ ⋅ �

F1[(+,m), (+,+), (+,−)]
F2[(+,n), (+,+), (+,−)]

� , (40)

where the matrix ⌦ and functions F1 and F2 are defined as

⌦ ≡
1

2iIm(↵�∗�∗�) �
�∗� −↵∗�
−��∗ ↵�∗ � ,

F1[(a, b), (c, d), (e, f)] = %(a,b)x − �↵�2%(c,d) − ���2%(e,f)x ,

F2[(a, b), (c, d), (e, f)] = %(a,b)x − ���2%(c,d) − ���2%(e,f)x . (41)

Notice that the matrix ⌦ is singular if �n� is taken to be �−m� (One can
see this by taking (↵,�) = (cos ✓

2 , e
i� sin ✓

2) and (�, �) = (sin ✓
2 ,−e

i� cos ✓
2)).
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross
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• Reconstruction of of-diagonal elements:

• Consider polarisations NOT in the direction of the beam:

• Consider the beam setting 
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross
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• Reconstruction of of-diagonal elements:
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such as � + +��+ − �, we need the beam settings where electrons and/or
positrons are polarised in directions other than the z-axis. We will use
two independent axses, m and n, which may, naturally, be taken as x
and y directions, respectively. We denote the state with the definite spin
in the m and n directions as

�m� = ↵ �+� + � �−� , �−m� = ↵̄ �+� + �̄ �−� ,

�n� = � �+� + � �−� , �−n� = �̄ �+� + �̄ �−� . (37)

with �↵�2 + ���2 = ���2 + ���2 = 1 and ↵↵̄∗ + ��̄∗ = ��̄ + ��̄∗ = 0.
In the above discussion on the reconstruction of the diagonal ele-

ments, we have already established a method to experimentally obtain
%x(⇢0) for a pure state ⇢0 from imperfectly polarised beams. In what
follows, therefore, we assume the outcomes of quantum instruments
%(I,J)x ≡ %x(�I, J��I, J �) from the pure states �I, J� are already experimen-
tally reconstructed for I, J = +,−,m,n,−m,−n.

Let us start by looking at a pure state �+,m�. The density operator
for this state can be written as

⇢(+,m)0 = �+��+�⊗ �m��m�

= �↵�2� + +��+ + � + ↵�∗� + +��+ − �
+ ↵∗�� + −��+ + � + ���2� − −��− − � . (38)

Using the linearity of %x(⇢0) with respect to the initial state ⇢0, and the
similar relation for ⇢(+,n)0 , we obtain simultaneous linear relations

�
%(+,m)x − �↵�2%(+,+)x − ���2%(+,−)x

%(+,n)x − ���2%(+,+)x − ���2%(+,−)x
� = �

↵�∗ ↵∗�
��∗ �∗���

Ĩx(� + +��+ − �)

Ĩx(� + −��+ + �)
� , (39)

where the left-hand side is written in terms of observable quantities.
The o�-diagonal entries for �++��+− � and �+−��++ � are therefore obtained
by solving the above linear equations:

�
Ĩx(� + +��+ − �)

Ĩx(� + −��+ + �)
� = ⌦ ⋅ �

F1[(+,m), (+,+), (+,−)]
F2[(+,n), (+,+), (+,−)]

� , (40)

where the matrix ⌦ and functions F1 and F2 are defined as

⌦ ≡
1

2iIm(↵�∗�∗�) �
�∗� −↵∗�
−��∗ ↵�∗ � ,

F1[(a, b), (c, d), (e, f)] = %(a,b)x − �↵�2%(c,d) − ���2%(e,f)x ,

F2[(a, b), (c, d), (e, f)] = %(a,b)x − ���2%(c,d) − ���2%(e,f)x . (41)

Notice that the matrix ⌦ is singular if �n� is taken to be �−m� (One can
see this by taking (↵,�) = (cos ✓

2 , e
i� sin ✓

2) and (�, �) = (sin ✓
2 ,−e

i� cos ✓
2)).
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Ĩx(� + +��+ − �)
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross
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• Reconstruction of of-diagonal elements:
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(e�, e+) = (+,n)

such as � + +��+ − �, we need the beam settings where electrons and/or
positrons are polarised in directions other than the z-axis. We will use
two independent axses, m and n, which may, naturally, be taken as x
and y directions, respectively. We denote the state with the definite spin
in the m and n directions as

�m� = ↵ �+� + � �−� , �−m� = ↵̄ �+� + �̄ �−� ,

�n� = � �+� + � �−� , �−n� = �̄ �+� + �̄ �−� . (37)

with �↵�2 + ���2 = ���2 + ���2 = 1 and ↵↵̄∗ + ��̄∗ = ��̄ + ��̄∗ = 0.
In the above discussion on the reconstruction of the diagonal ele-

ments, we have already established a method to experimentally obtain
%x(⇢0) for a pure state ⇢0 from imperfectly polarised beams. In what
follows, therefore, we assume the outcomes of quantum instruments
%(I,J)x ≡ %x(�I, J��I, J �) from the pure states �I, J� are already experimen-
tally reconstructed for I, J = +,−,m,n,−m,−n.

Let us start by looking at a pure state �+,m�. The density operator
for this state can be written as

⇢(+,m)0 = �+��+�⊗ �m��m�

= �↵�2� + +��+ + � + ↵�∗� + +��+ − �
+ ↵∗�� + −��+ + � + ���2� − −��− − � . (38)

Using the linearity of %x(⇢0) with respect to the initial state ⇢0, and the
similar relation for ⇢(+,n)0 , we obtain simultaneous linear relations

�
%(+,m)x − �↵�2%(+,+)x − ���2%(+,−)x

%(+,n)x − ���2%(+,+)x − ���2%(+,−)x
� = �

↵�∗ ↵∗�
��∗ �∗���

Ix(� + +��+ − �)

Ix(� + −��+ + �)
� , (39)

where the left-hand side is written in terms of observable quantities.
The o�-diagonal entries for �++��+− � and �+−��++ � are therefore obtained
by solving the above linear equations:

�
Ix(� + +��+ − �)

Ix(� + −��+ + �)
� = ⌦ ⋅ �

F1[(+,m), (+,+), (+,−)]
F2[(+,n), (+,+), (+,−)]

� , (40)

where the matrix ⌦ and functions F1 and F2 are defined as

⌦ ≡
1

2iIm(↵�∗�∗�) �
�∗� −↵∗�
−��∗ ↵�∗ � ,

F1[(a, b), (c, d), (e, f)] = %(a,b)x − �↵�2%(c,d) − ���2%(e,f)x ,

F2[(a, b), (c, d), (e, f)] = %(a,b)x − ���2%(c,d) − ���2%(e,f)x . (41)

Notice that the matrix ⌦ is singular if �n� is taken to be �−m� (One can
see this by taking (↵,�) = (cos ✓

2 , e
i� sin ✓

2) and (�, �) = (sin ✓
2 ,−e

i� cos ✓
2)).
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• Consider polarisations NOT in the direction of the beam:
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� , (39)
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where the matrix ⌦ and functions F1 and F2 are defined as

⌦ ≡
1

2iIm(↵�∗�∗�) �
�∗� −↵∗�
−��∗ ↵�∗ � ,
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F2[(a, b), (c, d), (e, f)] = %(a,b)x − ���2%(c,d) − ���2%(e,f)x . (41)

Notice that the matrix ⌦ is singular if �n� is taken to be �−m� (One can
see this by taking (↵,�) = (cos ✓

2 , e
i� sin ✓

2) and (�, �) = (sin ✓
2 ,−e

i� cos ✓
2)).
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%(+,+)
x
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%(�,�)
x
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Ix(|+�ih++ |)
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target target already 
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross

10
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross
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Lagrangian (48), implies that in the Standard Model at tree-level, the Ĩx
has the structure

Ĩx =

�

�
�
�
�

�

I(++,++)x 0 0 I(++,−−)x

0 0 0 0
0 0 0 0

I(−−,++)x 0 0 I(−−,−−)x

�

�
�
�
�

�

, (57)

where each I(IJ,KL)
x is a 4 × 4 matrix and I(−−,++)x = [I(++,−−)x ]

†. Their an-
gular dependence can also be obtained as

dI(++,++)
d cos ✓d�

=

�

�
�
�
�
�

�

a(+)11 s2✓ a(+)12 s✓(1 + c✓) a(+)13 s✓(1 − c✓) a(+)14 s2✓
a(+)21 s✓(1 + c✓) a(+)22 (1 + c✓)

2 a(+)23 (1 − c
2
✓) a(+)24 s✓(1 + c✓)

a(+)31 s✓(1 − c✓) a(+)32 (1 − c
2
✓) a(+)33 (1 − c✓)

2 a(+)34 s✓(1 − c✓)

a(+)41 s2✓ a(+)42 s✓(1 + c✓) a(+)43 s✓(1 − c✓) a(+)44 s2✓

�

�
�
�
�
�

�

,

dI(++,−−)
d cos ✓d�

= ei2�

�

�
�
�
�
�

�

a(+−)11 s2✓ a(+−)12 s✓(1 − c✓) a(+−)13 s✓(1 + c✓) a(+−)14 s2✓
a(+−)21 s✓(1 + c✓) a(+−)22 (1 − c

2
✓) a(+−)23 (1 + c✓)

2 a(+−)24 s✓(1 + c✓)

a(+−)31 s✓(1 − c✓) a(+−)32 (1 − c✓)
2 a(+−)33 (1 − c

2
✓) a(+−)34 s✓(1 − c✓)

a(+−)41 s2✓ a(+−)42 s✓(1 − c✓) a(+−)43 s✓(1 + c✓) a(+−)44 s2✓

�

�
�
�
�
�

�

,

dI(−−,−−)
d cos ✓d�

=

�

�
�
�
�
�

�

a(−)11 s2✓ a(−)12 s✓(1 − c✓) a(−)13 s✓(1 + c✓) a(−)14 s2✓
a(−)21 s✓(1 − c✓) a(−)22 (1 − c✓)

2 a(−)23 (1 − c
2
✓) a(−)24 s✓(1 − c✓)

a(−)31 s✓(1 + c✓) a(−)32 (1 − c
2
✓) a(−)33 (1 + c✓)

2 a(−)34 s✓(1 + c✓)

a(−)41 s2✓ a(−)42 s✓(1 − c✓) a(−)43 s✓(1 + c✓) a(−)44 s2✓

�

�
�
�
�
�

�

.

(58)

Here, the coe�cients a(�)ij are dependent on the centre of mass energy
and beyond the Standard Model contributions of the form in Eq. (48).

With this expression, dĨ�d cos ✓d� has only one non-zero eigenvalue,
which is equal to the trace of the matrix:

Tr �
dĨ

d cos ✓d�
� = D0 + 2D1 cos ✓ +D2 cos

2 ✓ (59)

with

D0 =

4

�

i=1
�a(+)ii + a

(−)
ii � ,

D1 = a
(+)
22 − a

(+)
33 − a

(−)
22 + a

(−)
33 ,

D2 = −a
(+)
11 + a

(+)
22 − a

(+)
33 + a

(+)
44 − a

(−)
11 + a

(−)
22 − a

(−)
33 + a

(−)
44 . (60)

At a threshold region with
√
s = 355 GeV, the tree-level Standard

16

The calculation for the second order part in T is analogous to that for Eqs. (101), (102)
and (103). We obtain

Tr ⇢out
��
T 2 =

T

V

X

f 6=(pA,pB)

1

s

Z
d⇧LIPS

���Mpin
f

���
2

=
T

V
· 2 ·

2

4
X

f 6=(pA,pB)

�(pin ! f)

3

5 . (111)

In the bracket, we have the inclusive cross section, pin ! anything, except for the forward
scattering, i.e. |fi = |p↵, p�i.

Collecting all the terms, we finally get

Tr ⇢out = 1 +
T

V
· 2 ·

2

4
X

f 6=(pA,pB)

�(pin ! f) �
1

s
Im

⇥
M

pin
pin

⇤
3

5 . (112)

In this expression, it is clear that Tr ⇢out = 1 implies the optical theorem

X

f 6=(pA,pB)

�(pin ! f) =
1

s
Im

⇥
M

pin
pin

⇤
, (113)

which, as it is well known, is the direct consequence of the unitarity of the S operator, S†S =
1 ) T

†
T = i(T � T

†).

C The numerical values for a(⇤)ij and Di in the Standard Model

We report the values of a(⇤)ij and Di coe�cients appearing in Eqs. (45) and (46), evaluated at
tree-level in the Standard Model, outlined in subsection 4.1, and using measured values for the
physical constants. Near the threshold region with

p
s = 370 GeV, we obtain

a(+)
��p

s=370GeV
=

0

BB@

0.503 �1.442 0.364 0.503
�1.442 4.137 �1.043 �1.442
0.364 �1.043 0.263 0.364
0.503 �1.442 0.364 0.503

1

CCA · 10�2 ,

a(+�)
��p

s=370GeV
=

0

BB@

0.800 0.264 �1.979 0.800
�2.293 �0.758 5.676 �2.293
0.578 0.191 �1.431 0.578
0.800 0.264 �1.980 0.800

1

CCA · 10�2 ,

a(�)
��p

s=370GeV
=

0

BB@

1.271 0.420 �3.146 1.271
0.420 0.139 �1.040 0.420

�3.146 �1.040 7.788 �3.146
1.271 0.420 �3.146 1.271

1

CCA · 10�2 , (114)

(D0, D1, D2)|ps=370GeV = (0.159, 0.115, 0.0878) .

29

can also be obtained, with s✓ ⌘ sin ✓, c✓ ⌘ cos ✓, as

dI(++,++)

d⌦
=

0

BBB@

a(+)
11 s2✓ a(+)

12 s✓(1 + c✓) a(+)
13 s✓(1 � c✓) a(+)

14 s2✓
a(+)
21 s✓(1 + c✓) a(+)

22 (1 + c✓)2 a(+)
23 s2✓ a(+)

24 s✓(1 + c✓)

a(+)
31 s✓(1 � c✓) a(+)

32 s2✓ a(+)
33 (1 � c✓)2 a(+)

34 s✓(1 � c✓)

a(+)
41 s2✓ a(+)

42 s✓(1 + c✓) a(+)
43 s✓(1 � c✓) a(+)

44 s2✓

1

CCCA
,

dI(++,��)

d⌦
= ei2�

0

BBB@

a(+�)
11 s2✓ a(+�)

12 s✓(1 � c✓) a(+�)
13 s✓(1 + c✓) a(+�)

14 s2✓
a(+�)
21 s✓(1 + c✓) a(+�)

22 s2✓ a(+�)
23 (1 + c✓)2 a(+�)

24 s✓(1 + c✓)

a(+�)
31 s✓(1 � c✓) a(+�)

32 (1 � c✓)2 a(+�)
33 s2✓ a(+�)

34 s✓(1 � c✓)

a(+�)
41 s2✓ a(+�)

42 s✓(1 � c✓) a(+�)
43 s✓(1 + c✓) a(+�)

44 s2✓

1

CCCA
,

dI(��,��)

d⌦
=

0

BBB@

a(�)
11 s2✓ a(�)

12 s✓(1 � c✓) a(�)
13 s✓(1 + c✓) a(�)

14 s2✓
a(�)
21 s✓(1 � c✓) a(�)

22 (1 � c✓)2 a(�)
23 s2✓ a(�)

24 s✓(1 � c✓)

a(�)
31 s✓(1 + c✓) a(�)

32 s2✓ a(�)
33 (1 + c✓)2 a(�)

34 s✓(1 + c✓)

a(�)
41 s2✓ a(�)

42 s✓(1 � c✓) a(�)
43 s✓(1 + c✓) a(�)

44 s2✓

1

CCCA
. (45)

Here, the coe�cients a(?)ij depend on the centre of mass energy and of the explicit form of the
interaction Lagrangian (39).

The di↵erential Choi matrix, deI/d cos ✓d�, has only one non-zero eigenvalue because the
di↵erential of the channel, dI/d cos ✓d� involves a single Krauss operator (recall Eqs. (8), (10)
and (32)). This eigenvalue is equal to the trace of the matrix:

Tr

"
deI
d⌦

#
= D0 + 2D1 cos ✓ +D2 cos

2 ✓ (46)

with

D0 =
4X

i=1

h
a(+)
ii + a(�)

ii

i
,

D1 = a(+)
22 � a(+)

33 � a(�)
22 + a(�)

33 ,

D2 = �a(+)
11 + a(+)

22 � a(+)
33 + a(+)

44 � a(�)
11 + a(�)

22 � a(�)
33 + a(�)

44 . (47)

In appendix C, we report our computed values of a(⇤)ij andDi coe�cients, evaluated at tree-level
in the Standard Model for the reference centre of mass energies

p
s = 370 and 1000 GeV.

4.2 Experimental procedure

Our goal is to reconstruct the 16 ⇥ 16 Choi matrix:

eIx =
1

4

0

BB@

Ix(| ++ih++ |) Ix(| ++ih+ � |) Ix(| ++ih� + |) Ix(| ++ih� � |)
Ix(| + �ih++ |) Ix(| + �ih+ � |) Ix(| + �ih� + |) Ix(| + �ih� � |)
Ix(| � +ih++ |) Ix(| � +ih+ � |) Ix(| � +ih� + |) Ix(| � +ih� � |)
Ix(| � �ih++ |) Ix(| � �ih+ � |) Ix(| � �ih� + |) Ix(| � �ih� � |)

1

CCA . (48)

In this expression each element Ix(|I, JihK,L|) is a 4 ⇥ 4 block matrix about the tt̄ spins:
Ix(|I, JihK,L|)[A,B],[C,D] = hA,B| Ix(|I, JihK,L|) |C,Di.
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross

10

Lagrangian (48), implies that in the Standard Model at tree-level, the Ĩx
has the structure

Ĩx =

�

�
�
�
�

�

I(++,++)x 0 0 I(++,−−)x

0 0 0 0
0 0 0 0

I(−−,++)x 0 0 I(−−,−−)x

�

�
�
�
�

�

, (57)

where each I(IJ,KL)
x is a 4 × 4 matrix and I(−−,++)x = [I(++,−−)x ]

†. Their an-
gular dependence can also be obtained as

dI(++,++)
d cos ✓d�

=

�

�
�
�
�
�

�

a(+)11 s2✓ a(+)12 s✓(1 + c✓) a(+)13 s✓(1 − c✓) a(+)14 s2✓
a(+)21 s✓(1 + c✓) a(+)22 (1 + c✓)

2 a(+)23 (1 − c
2
✓) a(+)24 s✓(1 + c✓)

a(+)31 s✓(1 − c✓) a(+)32 (1 − c
2
✓) a(+)33 (1 − c✓)

2 a(+)34 s✓(1 − c✓)

a(+)41 s2✓ a(+)42 s✓(1 + c✓) a(+)43 s✓(1 − c✓) a(+)44 s2✓

�

�
�
�
�
�

�

,

dI(++,−−)
d cos ✓d�

= ei2�

�

�
�
�
�
�

�

a(+−)11 s2✓ a(+−)12 s✓(1 − c✓) a(+−)13 s✓(1 + c✓) a(+−)14 s2✓
a(+−)21 s✓(1 + c✓) a(+−)22 (1 − c

2
✓) a(+−)23 (1 + c✓)

2 a(+−)24 s✓(1 + c✓)

a(+−)31 s✓(1 − c✓) a(+−)32 (1 − c✓)
2 a(+−)33 (1 − c

2
✓) a(+−)34 s✓(1 − c✓)

a(+−)41 s2✓ a(+−)42 s✓(1 − c✓) a(+−)43 s✓(1 + c✓) a(+−)44 s2✓

�

�
�
�
�
�

�

,

dI(−−,−−)
d cos ✓d�

=

�

�
�
�
�
�

�

a(−)11 s2✓ a(−)12 s✓(1 − c✓) a(−)13 s✓(1 + c✓) a(−)14 s2✓
a(−)21 s✓(1 − c✓) a(−)22 (1 − c✓)

2 a(−)23 (1 − c
2
✓) a(−)24 s✓(1 − c✓)

a(−)31 s✓(1 + c✓) a(−)32 (1 − c
2
✓) a(−)33 (1 + c✓)

2 a(−)34 s✓(1 + c✓)

a(−)41 s2✓ a(−)42 s✓(1 − c✓) a(−)43 s✓(1 + c✓) a(−)44 s2✓

�

�
�
�
�
�

�

.

(58)

Here, the coe�cients a(�)ij are dependent on the centre of mass energy
and beyond the Standard Model contributions of the form in Eq. (48).

With this expression, dĨ�d cos ✓d� has only one non-zero eigenvalue,
which is equal to the trace of the matrix:

Tr �
dĨ

d cos ✓d�
� = D0 + 2D1 cos ✓ +D2 cos

2 ✓ (59)

with

D0 =

4

�

i=1
�a(+)ii + a

(−)
ii � ,

D1 = a
(+)
22 − a

(+)
33 − a

(−)
22 + a

(−)
33 ,

D2 = −a
(+)
11 + a

(+)
22 − a

(+)
33 + a

(+)
44 − a

(−)
11 + a

(−)
22 − a

(−)
33 + a

(−)
44 . (60)

At a threshold region with
√
s = 355 GeV, the tree-level Standard

16

The calculation for the second order part in T is analogous to that for Eqs. (101), (102)
and (103). We obtain

Tr ⇢out
��
T 2 =

T

V

X

f 6=(pA,pB)

1

s

Z
d⇧LIPS

���Mpin
f

���
2

=
T

V
· 2 ·

2

4
X

f 6=(pA,pB)

�(pin ! f)

3

5 . (111)

In the bracket, we have the inclusive cross section, pin ! anything, except for the forward
scattering, i.e. |fi = |p↵, p�i.

Collecting all the terms, we finally get

Tr ⇢out = 1 +
T

V
· 2 ·

2

4
X

f 6=(pA,pB)

�(pin ! f) �
1

s
Im

⇥
M

pin
pin

⇤
3

5 . (112)

In this expression, it is clear that Tr ⇢out = 1 implies the optical theorem

X

f 6=(pA,pB)

�(pin ! f) =
1

s
Im

⇥
M

pin
pin

⇤
, (113)

which, as it is well known, is the direct consequence of the unitarity of the S operator, S†S =
1 ) T

†
T = i(T � T

†).

C The numerical values for a(⇤)ij and Di in the Standard Model

We report the values of a(⇤)ij and Di coe�cients appearing in Eqs. (45) and (46), evaluated at
tree-level in the Standard Model, outlined in subsection 4.1, and using measured values for the
physical constants. Near the threshold region with

p
s = 370 GeV, we obtain

a(+)
��p

s=370GeV
=

0

BB@

0.503 �1.442 0.364 0.503
�1.442 4.137 �1.043 �1.442
0.364 �1.043 0.263 0.364
0.503 �1.442 0.364 0.503

1

CCA · 10�2 ,

a(+�)
��p

s=370GeV
=

0

BB@

0.800 0.264 �1.979 0.800
�2.293 �0.758 5.676 �2.293
0.578 0.191 �1.431 0.578
0.800 0.264 �1.980 0.800

1

CCA · 10�2 ,

a(�)
��p

s=370GeV
=

0

BB@

1.271 0.420 �3.146 1.271
0.420 0.139 �1.040 0.420

�3.146 �1.040 7.788 �3.146
1.271 0.420 �3.146 1.271

1

CCA · 10�2 , (114)

(D0, D1, D2)|ps=370GeV = (0.159, 0.115, 0.0878) .

29

can also be obtained, with s✓ ⌘ sin ✓, c✓ ⌘ cos ✓, as

dI(++,++)

d⌦
=

0

BBB@

a(+)
11 s2✓ a(+)

12 s✓(1 + c✓) a(+)
13 s✓(1 � c✓) a(+)

14 s2✓
a(+)
21 s✓(1 + c✓) a(+)

22 (1 + c✓)2 a(+)
23 s2✓ a(+)

24 s✓(1 + c✓)

a(+)
31 s✓(1 � c✓) a(+)

32 s2✓ a(+)
33 (1 � c✓)2 a(+)

34 s✓(1 � c✓)

a(+)
41 s2✓ a(+)

42 s✓(1 + c✓) a(+)
43 s✓(1 � c✓) a(+)

44 s2✓

1

CCCA
,

dI(++,��)

d⌦
= ei2�

0

BBB@

a(+�)
11 s2✓ a(+�)

12 s✓(1 � c✓) a(+�)
13 s✓(1 + c✓) a(+�)

14 s2✓
a(+�)
21 s✓(1 + c✓) a(+�)

22 s2✓ a(+�)
23 (1 + c✓)2 a(+�)

24 s✓(1 + c✓)

a(+�)
31 s✓(1 � c✓) a(+�)

32 (1 � c✓)2 a(+�)
33 s2✓ a(+�)

34 s✓(1 � c✓)

a(+�)
41 s2✓ a(+�)

42 s✓(1 � c✓) a(+�)
43 s✓(1 + c✓) a(+�)

44 s2✓

1

CCCA
,

dI(��,��)

d⌦
=

0

BBB@

a(�)
11 s2✓ a(�)

12 s✓(1 � c✓) a(�)
13 s✓(1 + c✓) a(�)

14 s2✓
a(�)
21 s✓(1 � c✓) a(�)

22 (1 � c✓)2 a(�)
23 s2✓ a(�)

24 s✓(1 � c✓)

a(�)
31 s✓(1 + c✓) a(�)

32 s2✓ a(�)
33 (1 + c✓)2 a(�)

34 s✓(1 + c✓)

a(�)
41 s2✓ a(�)

42 s✓(1 � c✓) a(�)
43 s✓(1 + c✓) a(�)

44 s2✓

1

CCCA
. (45)

Here, the coe�cients a(?)ij depend on the centre of mass energy and of the explicit form of the
interaction Lagrangian (39).

The di↵erential Choi matrix, deI/d cos ✓d�, has only one non-zero eigenvalue because the
di↵erential of the channel, dI/d cos ✓d� involves a single Krauss operator (recall Eqs. (8), (10)
and (32)). This eigenvalue is equal to the trace of the matrix:

Tr

"
deI
d⌦

#
= D0 + 2D1 cos ✓ +D2 cos

2 ✓ (46)

with

D0 =
4X

i=1

h
a(+)
ii + a(�)

ii

i
,

D1 = a(+)
22 � a(+)

33 � a(�)
22 + a(�)

33 ,

D2 = �a(+)
11 + a(+)

22 � a(+)
33 + a(+)

44 � a(�)
11 + a(�)

22 � a(�)
33 + a(�)

44 . (47)

In appendix C, we report our computed values of a(⇤)ij andDi coe�cients, evaluated at tree-level
in the Standard Model for the reference centre of mass energies

p
s = 370 and 1000 GeV.

4.2 Experimental procedure

Our goal is to reconstruct the 16 ⇥ 16 Choi matrix:

eIx =
1

4

0

BB@

Ix(| ++ih++ |) Ix(| ++ih+ � |) Ix(| ++ih� + |) Ix(| ++ih� � |)
Ix(| + �ih++ |) Ix(| + �ih+ � |) Ix(| + �ih� + |) Ix(| + �ih� � |)
Ix(| � +ih++ |) Ix(| � +ih+ � |) Ix(| � +ih� + |) Ix(| � +ih� � |)
Ix(| � �ih++ |) Ix(| � �ih+ � |) Ix(| � �ih� + |) Ix(| � �ih� � |)

1

CCA . (48)

In this expression each element Ix(|I, JihK,L|) is a 4 ⇥ 4 block matrix about the tt̄ spins:
Ix(|I, JihK,L|)[A,B],[C,D] = hA,B| Ix(|I, JihK,L|) |C,Di.

14

confront with the SM prediction
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4 Quantum process tomography
In this section, we outline a procedure to experimentally reconstruct the
Choi matrix (i.e. quantum process tomography) in a concrete example.
We consider the top-quark pair production at a lepton collider

e−e+ → tt̄ (31)

and study the transition of the spin states. The initial spin state of
the electron-positron composite system is denoted by ⇢e ∈ S(Hin), while
⇢t ∈ S(Hout) represents the final spin state of the top-antitop system
(Hin = C2

e+ ⊗C2
e− , Hout = C2

t ⊗C2
t̄ ).

We work in the centre of mass frame and define the z-axis along the
electron beam. For concreteness, the y-axis is defined as being in the
opposite direction of the Earth’s centre. We quantise the electron and
positron spins in the z direction. The simultaneous eigenstates of the
e−e+ spins are denoted by {�I, J�} = {�++� , �+−� , �−+� , �−−�} where in the
last expression, the first and second signs represent the eigenvalues
of Ŝe−

z and Ŝe+
z , respectively. To describe the tt̄ spins, it is convenient

to work with the helicity basis, in which the three unit vectors (axes)
{k, r,n} are defined as follows: k is taken to be the direction of the top
quark. r ≡ (z − k cos ✓)� sin ✓ lies on the plane spanned by k and the z-
axis and r pints the beam direction, where ✓ is the angle between k
and z. Finally, n is defined as n ≡ k × r. The top and antitop spins are
quantised in the k direction. The simultaneous eigenstates are denoted
by {�A,B�} = {�00� , �01� , �10� , �11�}.

Our goal is to reconstruct the 16 × 16 Choi matrix:

Ĩx =
1

4

�

�
�
�

�

Ix(� + +��+ + �) Ix(� + +��+ − �) Ix(� + +��− + �) Ix(� + +��− − �)

Ix(� + −��+ + �) Ix(� + −��+ − �) Ix(� + −��− + �) Ix(� + −��− − �)

Ix(� − +��+ + �) Ix(� − +��+ − �) Ix(� − +��− + �) Ix(� − +��− − �)

Ix(� − −��+ + �) Ix(� − −��+ − �) Ix(� − −��− + �) Ix(� − −��− − �)

�

�
�
�

�

.

(32)
In this expression each element Ix(�I, J��K,L�) is a 4 × 4 block matrix
about the tt̄ spins: [Ix(�I, J��K,L�)](A,B),(C,D) = �A,B�Ix(�I, J��K,L�) �C,D�.

We first concentrate on the reconstruction of the four diagonal ele-
ments, Ix(�i��i�), where {�i�} = {�++� , �+−� , �−+� , �−−�} for i = 1,�,4. These
are simply the outcomes of the quantum instruments with the initial
states, which are pure and 100 % polarised:

Ix(�i��i�) = %x(⇢
i
0) =

�x(⇢
i
0; e
−e+ → tt̄)

�(⇢mix
0 ; e−e+ → tt̄)

⋅ ⇢x(⇢
i
0) (33)

where ⇢i0 (i = 1,�,4) are the density operators of the pure state �i�. For
the moment, let us assume those four pure states can be experimen-
tally prepared. Then, all three factors in the right-hand side of Eq. (33)
are experimentally measurable: �(⇢mix

0 ; e−e+ → tt̄) is the inclusive cross
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complimentary to Bell tests
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ωxout

Test of quantum dynamics



Summary
• We formulated spin-to-spin transitions in particle collisions as Quantum 

Instrument — an quantum evolution of subsystem in an environment 
(environment = momentum Hilbert space).


• The state-to-state map can be described by Choi matrix, enabling us to write a 
theory in a matrix form.  16 x 16 matrix for 2-qubit -> 2-qubit  


• Experimental reconstruction of the Choi matrix (Quantum Process Tomography) 
offers :

A powerful probe of BSM physics
Two theories that predicting different spin-spin transition necessarily give 
different Choi matrices

Foundational tests of Quantum Mechanics

- Linearity test:

- Positivity test: 

confront the Choi matrix prediction with the measurement 

eigenvalues of the Choi matrix must be non-negative

If one of these tests fails, QM will be experimentally falsified!



Thank you for listening!



dΓ
dΩ

=
1 + αx ⋅ ( ⃗x ⋅ s)

2

More generally,
 for αx = 1 (x = π− in τ− → π−ν)

: spin analyzing powerαx ∈ [−1, + 1]

- tau decay

- top decay

specifically D
(1) = �⌘ for the singlet, and D

(i) = �⌘ for the three triplets. For Werner
states, it is known that

⌘ >
1

3
=) entanglement, (2.19)

⌘ >
1p
2

=) Bell inequality violation, (2.20)

⌘ = 1 =) pure state. (2.21)

In the limit ⌘ ! 1 the Werner states reduce to pure singlet | �i and pure triplet | +i,
|��i, |�+i Bell states.

The spin state of particles decaying electroweakly is transferred into the direction of
flight of their decay products. Therefore, the spin state of tt̄ pairs survives their decay, and
leaves an imprint in the direction of flight of top-quark decay products. Spin correlations
of top quarks are accessible experimentally from the correlations of angles between their
daughters, i.e. leptons or jets.

Assuming the top quark decays into particle a (plus other, uninteresting particles) and
the anti-top decays into particle b, the differential cross section for tt̄ production plus the
decays t ! a+X and t̄ ! b+X is given at LO by [29]:

1

�

d�

d(cos ✓ai cos ✓bj)
= �

1 + Cij ↵a ↵b cos ✓ai cos ✓bj
2

log
�� cos ✓ai cos ✓bj

�� (2.22)

(no sum over i or j), where ✓ai is the angle between the momentum of a and the i-th axis
in the top rest frame, and ✓bj is the angle between the momentum of b and the j-th axis in
the anti-top rest frame. The parameters ↵a and ↵b provide a measure of the spin analyzing
power of particles a and b, that is, they parameterize how much their direction of emission
is correlated to the original top/anti-top-quark spin. The spin analyzing power of top decay
products in the SM is given in Table 1.

Particle ↵

b �0.3925(6)

W
+ 0.3925(6)

`
+ (from a W

+) 0.999(1)

d̄, s̄ (from a W
+) 0.9664(7)

u, c (from a W
+) �0.3167(6)

Table 1: Spin analyzing power of top decay products in the SM at NLO accuracy [33],
[34]. Values for antiparticles differ by a sign.

In the SM, light charged leptons have ↵ ' 1, making the dileptonic channel very
promising for top spin correlations studies. As shown in [35], heavy (with respect to the
top mass) new physics is unlikely to fundamentally alter this picture.

The integration of (2.22) gives an explicit relation for the entries of C in terms of the
average value of cos ✓ai cos ✓bj :

Cij =
9

↵a↵b
Avg [cos ✓ai cos ✓bj ] . (2.23)

– 6 –
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Quantum State Tomography
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+ Cij ·

⇥
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Cij = h(sA · ei)(sB · ej)i =
9

↵x↵y
h(x · ei)(y · ej)i
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Fig. 2 Schematic representation of the decay of a top quark that ulti-
mately leads to the emission of a charged lepton, in the top rest frame

of the weak interactions, the charged lepton emerging from
the two-step decay t → Wb and W → ℓν turns out to be
100% correlated with the spin of the mother top quark, i.e.
the top quark differential width is given by:

1
#

d#

d cos ϕ
= 1 + α cos ϕ

2
, (5)

with the spin analyzing power α attaining the largest possible
values, i.e., ±1. We denote ϕ the angle between the top spin
and the direction of the emitted lepton in the top quark rest
frame, see Fig. 2. As a result, the lepton can be considered as
a proxy for the spin of the corresponding top quark and the
correlations between the leptons as a proxy for those between
the top quark spins.

Assuming no net polarisation is present,2 the density
matrix for the spin of a t t̄ pair can be written as:

ρ = 1
4

(
1 ⊗ 1+

3∑

i, j=1

Ci j σi ⊗ σ j

)
. (6)

where the first term in the tensor product refers to the top and
the second term to the anti-top quark. TheCi j matrix encodes
spin correlations, and it is measurable. Note that Eq. (6),
which will be used in the following, is more general than the
simple density matrix in Eq. (4) considered in Sect. 2, since
C is allowed to have off-diagonal entries. However, since
in practice Ci j ≈ C ji , the C matrix can be made (almost)
diagonal with an appropriate choice of basis, thus reducing
the t t̄ system to Eq. (4). The differential cross section for
pp → t t̄ → ℓ+ℓ−bb̄νν̄ can be expressed as [12]:

1
σ

dσ

dxi j
= Ci j xi j − 1

2
log

∣∣xi j
∣∣, (7)

where xi j ≡ cos θi cos θ̄ j , θi is the angle between the antilep-
ton momentum and the i-th axis in its parent top rest frame,

2 Strong t t̄ production does not lead to polarised top quarks, as parity
is conserved [10]. EW effects (and possibly also absorptive parts from
loops), on the other hand, can give rise to a net top quark polarisation.
However, they have been estimated to be very small [11], and therefore
are neglected here.

Fig. 3 Schematic representation of a pp → t t̄ event in the center of
mass frame, with the helicity basis {k̂, r̂ , n̂} drawn, together with the
scattering angle θ . The n̂ axis is into the page

and θ̄ j the angle between the lepton momentum and the j-th
axis in its parent anti-top rest frame. In particular, Eq. (7)
implies:

− 9⟨xi j ⟩ = Ci j , (8)

a relation that allows direct measurement of the C matrix.
Spin is measured fixing a suitable reference frame. An advan-
tageous choice is the helicity basis {k̂, r̂ , n̂},
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

k̂ = top direction

r̂ = p̂ − k̂ cos θ

sin θ

n̂ = k̂ × r̂ ,

(9)

where p̂ is the beam axis and θ is the top scattering angle in
the center of mass frame, see also Fig. 3. The helicity basis
is defined in terms of the top quark and also applies to the
antitop.3 Relevant reference frames are reached in a two step
process: a ẑ boost from the laboratory to the t t̄ center of mass
frame, then a k̂ boost to each top’s rest frame.

The amount and type of spin correlations strongly depend
on the production mechanism as well as the phase space
region (energy and angle) of the top quarks. Two comple-
mentary regimes are important: at threshold, i.e., when the
top quarks are slow in their rest frame, and when they are
ultra-relativistic. At threshold, gluon fusion gg → t t̄ leads
to an entangled spin-0 state while qq̄ → t t̄ to a spin-1 state.
The latter is subdominant at the LHC and acts as an irre-
ducible background [2].

4 Observation of entanglement

It can be shown [8] that the t t̄ spin density matrix in Eq. (6)
is separable (that is, not entangled) if and only if the partial
transpose (1 ⊗ T ) ρ, obtained by acting with the identity
on the first term of the tensor product and transposing the
second, is positive definite. As shown in [2], this implies that
∣∣C11 + C22

∣∣ − C33 > 1 (10)

3 We follow the sign convention of [2].

123

A

B

x

y
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Figure 17: Results of the inclusive full matrix measurement obtained by combining the bins of
the m(tt) vs. |cos(q)| (upper) and pT(t) vs. |cos(q)| (lower) measurements. The measurements
(markers) are shown with the statistical uncertainty (inner error bars) and total uncertainty
(outer error bars) and compared to the predictions of POWHEG+PYTHIA, POWHEG+HERWIG,
MADGRAPH5 aMC@NLO+PYTHIA and MINNLO+PYTHIA. In the right panels, results are pre-
sented with the POWHEG+PYTHIA predictions subtracted. The POWHEG+PYTHIA prediction is
displayed with ME scale and PDF uncertainties. The values of DE are displayed for each mea-
surement.
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Nonlocal correlations beyond quantum mechanics

Quantum bound on CHSH correlations [Tsirelson (1980)]

S = CQM(x, y) + CQM(x, y0) + CQM(x0, y)� CQM(x0, y0)  2
p

2 < 4

Could we have S = 4 assuming free choice and no-signalling? Yes, we can!

No-signalling boxes [Popescu, Rohrlich (1994)]

P (a, b |x, y) =

(
1
2 , if a� b = xy,

0, otherwise,
SPR = 4.

No-signalling principle admits correlations

that are stronger than entanglement.

[N. Brunner, D. Cavalcanti, S. Pironio, V.
Scarani, S. Wehner, Rev. Mod. Phys.
86, 419 (2014)]

Michał Eckstein Beyond quantum mechanics



• For not perfectly polarised beams,
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the e�ective cross section after the kinematic selection, x, of the tt̄ mo-
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i
0) is the tt̄ spin

density matrix with the kinematic selection x and the purely polarised
beam i. The method of experimental reconstruction of ⇢x(⇢i0) (quantum

state tomography) is studied and outlined in [2].
In practice, however, electron and positron beams are never polarised

in the 100 % accuracy. For example, for future e+e− colliders, the pure-
lity beam polarisation is expected to be 80-90 % for electron and 50-70%
for positron beams [] ( [KS: need to be checked!]). In the following sce-
nario, the quantum state tomography measurements are performed un-
der the following four beam settings, which are combinations of

beam polarisation purelity
e− + or − 1

2(1 + q)
e+ + or − 1

2(1 + q̄)

where −1 < q, q̄ < 1. The corresponding four initial states are given in the
following matrix form

�

�
�
�

�

⇢i0
⇢ii0
⇢iii0
⇢iii0

�

�
�
�

�

=
1

4

�

�
�
�

�

(1 + q)(1 + q̄) (1 + q)(1 − q̄) (1 − q)(1 + q̄) (1 − q)(1 − q̄)
(1 + q)(1 − q̄) (1 + q)(1 + q̄) (1 − q)(1 − q̄) (1 − q)(1 + q̄)
(1 − q)(1 + q̄) (1 − q)(1 − q̄) (1 + q)(1 + q̄) (1 + q)(1 − q̄)
(1 − q)(1 − q̄) (1 − q)(1 + q̄) (1 + q)(1 − q̄) (1 + q)(1 + q̄)

�

�
�
�

�

�

�
�
�

�

� + +��+ + �

� + −��+ − �

� − +��− + �

� − −��− − �

�

�
�
�

�

.

(34)
For the reconstruction of Ix(�i��i�) = %x(⇢

i
0), we use the fact that the map

%x(⇢0) is linear in ⇢0. This means we can obtain the %x(⇢
i
0) as

�

�
�
�

�

Ix(� + +��+ + �)

Ix(� + −��+ − �)

Ix(� − +��− + �)

Ix(� − −��− − �)

�

�
�
�

�

= ⌥ ⋅

�

�
�
�

�

%x(⇢
i
0)

%x(⇢
ii
0 )

%x(⇢
iii
0 )

%x(⇢
iiii
0 )

�

�
�
�

�

, (35)

where ⌥ is the inverse of the matrix in Eq. (34):
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This completes the reconstruction of the diagonal elements of Ĩx.
The remaining task is to reconstruct o�-diagonal entries of Ĩx. Here

again, we use the linearity of the map. To reconstruct all 12 o�-diagonal
entries, we need 12 independent initial states and the corresponding
outcomes %x, obtained by the cross section measurement and the quan-
tum state tomography. To have contributions from unphysical states,
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the e�ective cross section after the kinematic selection, x, of the tt̄ mo-
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0) is the tt̄ spin

density matrix with the kinematic selection x and the purely polarised
beam i. The method of experimental reconstruction of ⇢x(⇢i0) (quantum

state tomography) is studied and outlined in [2].
In practice, however, electron and positron beams are never polarised

in the 100 % accuracy. For example, for future e+e− colliders, the pure-
lity beam polarisation is expected to be 80-90 % for electron and 50-70%
for positron beams [] ( [KS: need to be checked!]). In the following sce-
nario, the quantum state tomography measurements are performed un-
der the following four beam settings, which are combinations of
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where −1 < q, q̄ < 1. The corresponding four initial states are given in the
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where ⌥ is the inverse of the matrix in Eq. (34):
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This completes the reconstruction of the diagonal elements of Ĩx.
The remaining task is to reconstruct o�-diagonal entries of Ĩx. Here

again, we use the linearity of the map. To reconstruct all 12 o�-diagonal
entries, we need 12 independent initial states and the corresponding
outcomes %x, obtained by the cross section measurement and the quan-
tum state tomography. To have contributions from unphysical states,
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}
4 beam settings

<latexit sha1_base64="WqUQvfqGoms9/RwcvF8FqJfBtf0=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJt7WNXdKO7CvaB7VAyaaYNzWSGJCOWoX/hxoUibv0bd/6NmbaCih64cDjnXu69x4s4UxqhDyuzsrq2vpHdzG1t7+zu5fcP2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJhep37mjUrFQ3OhpRN0AjwTzGcHaSLdJn2AOr2aD+0G+gOx6rYLKVYhshGqlUsmQM+TUiyXoGCVFASzRHOTf+8OQxAEVmnCsVM9BkXYTLDUjnM5y/VjRCJMJHtGeoQIHVLnJ/OIZPDHKEPqhNCU0nKvfJxIcKDUNPNMZYD1Wv71U/MvrxdqvuQkTUaypIItFfsyhDmH6PhwySYnmU0MwkczcCskYS0y0CSlnQvj6FP5P2kXbqdiV63Khcb6MIwuOwDE4BQ6ogga4BE3QAgQI8ACewLOlrEfrxXpdtGas5cwh+AHr7ROt8JD0</latexit>Ix

<latexit sha1_base64="jGKBOiLfH5LUVQ5dN3pOVGzWPLA=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwqStfeyKblxWMG0hDWUynbRDJ5MwMxFK6De4caGIWz/InX/jpK2gogcuHM65l3vvCRLOlEbow1pb39jc2i7sFHf39g8OS0fHXRWnklCXxDyW/QArypmgrmaa034iKY4CTnvB9Dr3e/dUKhaLOz1LqB/hsWAhI1gbyR0EbOwNS2Vkt5p1VGtAZCPUrFarhlwip1WpQscoOcpghc6w9D4YxSSNqNCEY6U8ByXaz7DUjHA6Lw5SRRNMpnhMPUMFjqjys8Wxc3hulBEMY2lKaLhQv09kOFJqFgWmM8J6on57ufiX56U6bPoZE0mqqSDLRWHKoY5h/jkcMUmJ5jNDMJHM3ArJBEtMtMmnaEL4+hT+T7oV26nb9dtauX21iqMATsEZuAAOaIA2uAEd4AICGHgAT+DZEtaj9WK9LlvXrNXMCfgB6+0TF/iO5w==</latexit>⇥ <latexit sha1_base64="Jvf4c6U55Pj8OlaXvNUw1gj37xg=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwqSpfeyKblxWMG2hDWUynbRDJ5MwMxFK6De4caGIWz/InX/jpK2gogcuHM65l3vvCRLOlEbow1pb39jc2i7sFHf39g8OS0fHHRWnklCPxDyWvQArypmgnmaa014iKY4CTrvB9Dr3u/dUKhaLOz1LqB/hsWAhI1gbyRsEbOwPS2VkNxs1VK1DZCPUcF3XkEvkNCsudIySowxWaA9L74NRTNKICk04VqrvoET7GZaaEU7nxUGqaILJFI9p31CBI6r8bHHsHJ4bZQTDWJoSGi7U7xMZjpSaRYHpjLCeqN9eLv7l9VMdNvyMiSTVVJDlojDlUMcw/xyOmKRE85khmEhmboVkgiUm2uRTNCF8fQr/J52K7dTs2m213LpaxVEAp+AMXAAH1EEL3IA28AABDDyAJ/BsCevRerFel61r1mrmBPyA9fYJGwCO6Q==</latexit>⇤
<latexit sha1_base64="6UEpQoYTmQEDvbABivS4JwN1T70="></latexit>

+(1� !�q)(1 + !+q̄)|�+ih�+ |+ (1� !�q)(1� !+q̄)|��ih� � |
i

<latexit sha1_base64="B4ESvc1DzBcitiuoqTrqkuwJ1ko="></latexit>
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<latexit sha1_base64="cDd0amgFuFp4KMwf/7cqJHL+psc="></latexit>

=
1

4

h
(1 + !�q)(1 + !+q̄)|++ih++ |+ (1 + !�q)(1� !+q̄)|+�ih+� |

input beam state

convex linear sum of four pure states


