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High Energy Test of QM
• At very short-distances (high-energies), QM might be modified.

- sense of locality may change (again)

- QM might be modified to be married with gravity

• How can we falsify/test QM?
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- Non-linear extensions of QM: [Weinberg (1989), Polchinski (1991), D.E.Kaplan, S.Rajendran, (2021)]

• How can we falsify/test QM?

non-linear state-dependent term
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A new test of QM with Quantum Channels / Instruments

• How can we falsify/test QM?
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hBiNS  4



Quantum Channels/Instruments

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

⇢0 2 S(H0)



Quantum Channels/Instruments

<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="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)



Quantum Channels/Instruments

<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="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



Quantum Channels/Instruments

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

Px =
X

k2x

|ekihek|E0

<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

measurement 
outcome lies in x



Quantum Channels/Instruments

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

Px =
X

k2x

|ekihek|E0

<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 =

measurement 
outcome lies in x



Quantum Channels/Instruments

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

Px =
X

k2x

|ekihek|E0

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

=
X

k2x

Ek⇢0E
†
k

<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 =

measurement 
outcome lies in x



Quantum Channels/Instruments

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

Px =
X

k2x

|ekihek|E0

<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

measurement 
outcome lies in 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

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



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

Any map satisfying these properties correspond to some physical quantum instrument

<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 state

← state-to-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)



Choi Matrix
<latexit sha1_base64="uP8LPA0z4vyuKZgo2TbIM9GELCk=">AAACHnicbVBNS8MwGE7n15xfVY9egkPwIKMVnV6EoRePE9wHrKWkWbplS9OSpMLo9ku8+Fe8eFBE8KT/xqzrQTcfCHnyPO/Lm/fxY0alsqxvo7C0vLK6VlwvbWxube+Yu3tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnDm6nfeiBC0ojfq1FM3BD1OA0oRkpLnnnuiH7kWfAKOjIJvZSeDCYw01Kq2RhS/UK8xwh02OwewLFnlq2KlQEuEjsnZZCj7pmfTjfCSUi4wgxJ2bGtWLkpEopiRiYlJ5EkRniIeqSjKUchkW6arTeBR1rpwiAS+nAFM/V3R4pCKUehrytDpPpy3puK/3mdRAWXbkp5nCjC8WxQkDCoIjjNCnapIFixkSYIC6r/CnEfCYSVTrSkQ7DnV14kzdOKXa1U787Ktes8jiI4AIfgGNjgAtTALaiDBsDgETyDV/BmPBkvxrvxMSstGHnPPvgD4+sHr/Whng==</latexit>

⇢0 =
X

i,j

⇢ij |iihj|

<latexit sha1_base64="2HdBj/M3poAUN5RnJetaDcdL/jo="></latexit>

%x = Ix(⇢0) =
X

i,j

⇢ijIx (|iihj|)

<latexit sha1_base64="7Gg3F/CEuF5zZJnk68Fqbcd9q08=">AAACIXicbVDLSsNAFJ3UV42vqEs3g0VwUUoiUrsRim66rGAf0IYwmUzboTNJmJkIJcRPceOvuHGhSHfizzhts9C2BwYO59zLnXP8mFGpbPvbKGxsbm3vFHfNvf2DwyPr+KQto0Rg0sIRi0TXR5IwGpKWooqRbiwI4j4jHX98P/M7T0RIGoWPahITl6NhSAcUI6Ulz6oFng1vYdoXHAaUZ5phxGAj8+zysxl4znrTKXtWya7Yc8BV4uSkBHI0PWvaDyKccBIqzJCUPceOlZsioShmJDP7iSQxwmM0JD1NQ8SJdNN5wgxeaCWAg0joFyo4V/9upIhLOeG+nuRIjeSyNxPXeb1EDWpuSsM4USTEi0ODhEEVwVldOrYgWLGJJggLqv8K8QgJhJUu1dQlOMuRV0n7quJUK9WH61L9Lq+jCM7AObgEDrgBddAATdACGLyAN/ABPo1X4934MqaL0YKR75yCfzB+fgH+KaD4</latexit>

d0 = dimH0, d1 = dimH1,

A similar formalism can be constructed for quantum instruments.
The D ×D Choi matrix for quantum instruments, Ix, is

Ĩx ≡
1

d0

�

�
�
�

�

[Ix(�1��1�)] [Ix(�1��2�)] � [Ix(�1��d0�)]
[Ix(�2��1�)] [Ix(�2��2�)] � [Ix(�2��d0�)]

⋮ ⋮ � ⋮

[Ix(�d0��1�)] [Ix(�d0��2�)] � [Ix(�d0��d0�)]

�

�
�
�

�

. (12)

Reflecting the fact that the map is completely positive and trace non-
increasing, Ix is positive and 0 < Tr Ĩx ≤ 1.

3 Quantum instruments at colliders
In this section, we demonstrate how quantum instruments naturally
arise in measurements at collider experiments. For concreteness, we
consider 2→ 2 scattering

AB → CD, (13)

For simplicity, we concentrate on the transition of internal (finite-dimensional)
degrees of freedom, such as spin and flavour. They are denoted by the
density matrices ⇢0 ∈ S(HAB) for the initial state and ⇢x ∈ S(HCD) for
the final state. As in the previous section, x refers to the measure-
ment outcome for the part independent of HCD, such as momenta, as
will become clear later. In the spectral decomposition, we may write
⇢0 = ∑si qsi �si��si� and ⇢x = ∑sf qsf �sf ��sf � (∑si qsi = ∑sf qsf = 1), where �si�
and �sf � represent simultaneous eigenstates of the internal degrees of
freedom for the 2-particle system AB and CD, respectively.

In what follows, we assume the momentum and the internal degrees
of freedom in the initial state are independent (not entangled). This
condition is often satisfied with a good approximation at colliders. At
lepton colliders, the beam energy resolution is good enough so that we
can regard the initial state as a pure state, �p̃in�, where p̃in collectively
denotes the momenta of two colliding particles. The tilde indicates that
this state is normalised as

�p̃in�p̃in� = 1 . (14)

In collider physics, the process of obtaining the final state ⇢x is as
follows:

[1] The momentum and internal degrees of freedom are combined.
The initial state is then written as

⇢̃0 = �p̃in��p̃in�⊗ ⇢0 = �
si

qsi �p̃in, si��p̃in, si� . (15)

Tr ⇢̃0 = 1 follows from the proper normalisation of �p̃in� in Eq. (14).

6

If all  operators  is fixed, the QI map is completely determined. d2
0 Ix( | i⟩⟨ j | ) ∈ L(ℋ1)

Each operator  can be represented by a  matrix: Ix( | i⟩⟨ j | ) d1 × d1
<latexit sha1_base64="lbdoX2OhCC9UeFg20X0eQDbL448="></latexit>

[Ix(|iihj|)]↵� = h↵|Ix(|iihj|)|�i

Choi matrix:  dim square matrix(d0 × d1)

- Linear 
- Completely Positive 
- Trace decreasing 

<latexit sha1_base64="P/soml7ojPt/2vTk4vTtGscH0ko=">AAACFXicbVDLSgNBEJyN7/ha9ehlMAgeQtgViR6DXvSmYDSQDWF2tpMMmX0w0xsNS/wIL/6KFw+KeBW8+TdOHgdNLGgoqrppqvxECo2O823l5uYXFpeWV/Kra+sbm/bW9o2OU8WhymMZq5rPNEgRQRUFSqglCljoS7j1u2dD/7YHSos4usZ+Ao2QtSPREpyhkZp20bsTAaCQAdDM40zSi0Hz3it6xcxTIRWaPtAk1gJFDwZNu+CUnBHoLHEnpEAmuGzaX14Q8zSECLlkWtddJ8FGxhQKLmGQ91INCeNd1oa6oRELQTeyUaoB3TdKQFuxMhMhHam/LzIWat0PfbMZMuzoaW8o/ufVU2ydNDIRJSlCxMePWqmkGNNhRTQQCjjKviGMKxOdU95hinE0ReZNCe505Flyc1hyy6Xy1VGhcjqpY5nskj1yQFxyTCrknFySKuHkkTyTV/JmPVkv1rv1MV7NWZObHfIH1ucPK5Ge2Q==</latexit>

eIx is positive
<latexit sha1_base64="CMd9yzsnZgYOAwRlF5uvyVVD5x4=">AAACHXicbVC7SgNBFJ31bXxFLW0Gg2AVdkWipWijXYS8ILuE2dm7yeDsw5m7aljyIzb+io2FIhY24t84eRSaeGDgcM653LnHT6XQaNvf1tz8wuLS8spqYW19Y3OruL3T0EmmONR5IhPV8pkGKWKoo0AJrVQBi3wJTf/mYug370BpkcQ17KfgRawbi1BwhkbqFI9zV0W0pgbUlRBim7r3IgAUMgCau5xJejXoPFBXiW4PvWHoljqdYsku2yPQWeJMSIlMUO0UP90g4VkEMXLJtG47dopezhQKLmFQcDMNKeM3rAttQ2MWgfby0XUDemCUgIaJMi9GOlJ/T+Qs0rof+SYZMezpaW8o/ue1MwxPvVzEaYYQ8/GiMJMUEzqsigZCAUfZN4RxJcxfKe8xxTiaQgumBGf65FnSOCo7lXLl+rh0dj6pY4XskX1ySBxyQs7IJamSOuHkkTyTV/JmPVkv1rv1MY7OWZOZXfIH1tcPY72heg==</latexit>

Tr
h
eIx
i
 1

 matrix(d1 × d1)

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

{



Spin measurement at Colliders
<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 = {++,+�,�+,��}



Spin measurement at Colliders
<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)



Spin measurement at Colliders
<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)



Spin measurement at Colliders
<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



Spin measurement at Colliders
<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="H/ord89hD8OASstdhSCA8UhCzFQ="></latexit> X

se,st,s0t

qse

Z

x
d⇧tt̄hpt, st|S|pin, seihpin, se|S†|ptt̄, s0ti

<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="pDTccbS7TBxwXRgUfn4QLEh4oqI=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1hEVyURqW6EohuXFewDmhAm00k7dDIJM5NiCcGNv+LGhSJu/Qp3/o3TNAttPXDhcM69c+ceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upn6nTERkkb8Xk1i4oZowGlAMVJa8swDZ4yEGEYnXurkr6WC9DP4kF15ZtWqWTngIrELUgUFmp755fQjnISEK8yQlD3bipWbIqEoZiSrOIkkMcIjNCA9TTkKiXTTfGkGj7XSh0EkdHEFc/X3RIpCKSehrztDpIZy3puK/3m9RAWXbkp5nCjC8WxRkDCoIjjNA/apIFixiSYIC6r/CvEQCYSVTq2iQ7DnT14k7bOaXa/V786rjesijjI4BEfgFNjgAjTALWiCFsDgETyDV/BmPBkvxrvxMWstGcXMPvgD4/MHrBOXnw==</latexit>

%0x =

[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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<latexit sha1_base64="ILtOHkrAtdOGpmrv4EOLcISW3rY=">AAACInicbVDLSgMxFM3UV62vUZdugkV0VWZEqu6KblxWsA/olJJJb9vQTGZIMkKZzre48VfcuFDUleDHmE4raOuFkMM5596bHD/iTGnH+bRyS8srq2v59cLG5tb2jr27V1dhLCnUaMhD2fSJAs4E1DTTHJqRBBL4HBr+8HqiN+5BKhaKOz2KoB2QvmA9Rok2VMe+HOPEy8YkPo8hxaqjU+xJIvocsMen949FQjdzHKd43LGLTsnJCi8CdwaKaFbVjv3udUMaByA05USplutEup0QqRnlkBa8WEFE6JD0oWWgIAGodpItTvGRYbq4F0pzhMYZ+7sjIYFSo8A3zoDogZrXJuR/WivWvYt2wkQUaxB0uqgXc6xDPMkLd5kEqvnIAEIlM2/FdEAkodqkWjAhuPNfXgT105JbLpVvz4qVq1kceXSADtEJctE5qqAbVEU1RNEDekIv6NV6tJ6tN+tjas1Zs5599Kesr29xzqTY</latexit>

|stihs0t|

 phase-space selectiontt̄



Spin measurement at Colliders
<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="H/ord89hD8OASstdhSCA8UhCzFQ="></latexit> X

se,st,s0t

qse

Z

x
d⇧tt̄hpt, st|S|pin, seihpin, se|S†|ptt̄, s0ti

<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="pDTccbS7TBxwXRgUfn4QLEh4oqI=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1hEVyURqW6EohuXFewDmhAm00k7dDIJM5NiCcGNv+LGhSJu/Qp3/o3TNAttPXDhcM69c+ceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upn6nTERkkb8Xk1i4oZowGlAMVJa8swDZ4yEGEYnXurkr6WC9DP4kF15ZtWqWTngIrELUgUFmp755fQjnISEK8yQlD3bipWbIqEoZiSrOIkkMcIjNCA9TTkKiXTTfGkGj7XSh0EkdHEFc/X3RIpCKSehrztDpIZy3puK/3m9RAWXbkp5nCjC8WxRkDCoIjjNA/apIFixiSYIC6r/CvEQCYSVTq2iQ7DnT14k7bOaXa/V786rjesijjI4BEfgFNjgAjTALWiCFsDgETyDV/BmPBkvxrvxMWstGcXMPvgD4/MHrBOXnw==</latexit>
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/ �(p)|p=0

[�(p)|p=0]3
=

T

V
⇠ 1

[1]2

[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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/ �(p)|p=0

[�(p)|p=0]3
=

T

V
⇠ 1

[1]2

[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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V

T

1

2�N
%0x
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�N = �[e�e+(⇢mix
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�N

X

se,st,s0t

qse


1

2s

Z

x
d⇧tt̄

LIPSMpin,se
pt,st [Mpin,se

pt,s0t
]⇤
�

The map  isρ0 → ϱx

- Linear 
- Completely Positive 
- Trace decreasing 
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⇢mix
0 =

1

4

X

se

|seihse|

can be larger than 1

The positive (16 x 16) Choi matrix  exists: Ĩ x

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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Tr%x =
�x[e�e+(⇢0) ! tt̄]

�[e�e+(⇢mix
0 ) ! tt̄]
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• QPT ↔ Experimental reconstruction of QI map, i.e. Choi matrix,   Ĩ x( | i⟩⟨ j | )

Why is it useful?



Quantum Process Tomography

Why is it useful?

- one can compute the QI outcome  immediately: ϱx
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Once  reconstructed/computed:Ĩ x

• QPT ↔ Experimental reconstruction of QI map, i.e. Choi matrix,   Ĩ x( | i⟩⟨ j | )
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{⇢in0 } = {⇢in,10 , ⇢in,20 , · · · , ⇢in,N0 }‣ reconstruct  from  input states:Ĩ x N

Why is it useful?

- one can compute the QI outcome  immediately: ϱx
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⇢0 =
X

i,j
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%x =
X

i,j

⇢ijeIx(|iihj|)

- one can test the property of the process:

Once  reconstructed/computed:Ĩ x

Linearity: ‣ check whether the prediction from linearity  agrees with the 

direct measurement , for  not in the input list.

∑
i, j

ρij Ĩ x( | i⟩⟨ j | )

Ĩ x(ρ0) ρ0 = ∑
i, j

ρij | i⟩⟨ j |

Complete 
positivity: ‣ check whether all eigenvalues of the Choi matrix  are non-negative.Ix( | i⟩⟨ j | )
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• QPT ↔ Experimental reconstruction of QI map, i.e. Choi matrix,   Ĩ x( | i⟩⟨ j | )
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{⇢in0 } = {⇢in,10 , ⇢in,20 , · · · , ⇢in,N0 }‣ reconstruct  from  input states:Ĩ x N

Why is it useful?

- one can compute the QI outcome  immediately: ϱx
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⇢ij |iihj|
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%x =
X

i,j

⇢ijeIx(|iihj|)

- one can test the property of the process:

Once  reconstructed/computed:Ĩ x

‣ check whether all eigenvalues of the Choi matrix  are non-negative.Ix( | i⟩⟨ j | )
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QM would be falsified if one of them failed! → New test of QM !

• QPT ↔ Experimental reconstruction of QI map, i.e. Choi matrix,   Ĩ x( | i⟩⟨ j | )

‣ check whether the prediction from linearity  agrees with the 

direct measurement , for  not in the input list.

∑
i, j

ρij Ĩ x( | i⟩⟨ j | )

Ĩ x(ρ0) ρ0 = ∑
i, j

ρij | i⟩⟨ j |

Linearity: 

Complete 
positivity: 



QPT with polarised lepton colliders

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:

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 =

�

�
�
�

�

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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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="lVyvDpdbsWkHpOwvgEde6KIoR2w=">AAACGHicdVBLSwMxGMzWV62vqkcvwSJ4kJotUttb0YvHCvYB7VKyadqGZpMlyYpl2Z/hxb/ixYMiXnvz35g+FlR0IDDMzJd8GT/kTBuEPp3Myura+kZ2M7e1vbO7l98/aGoZKUIbRHKp2j7WlDNBG4YZTtuhojjwOW354+uZ37qnSjMp7swkpF6Ah4INGMHGSr38edydX9JRQ9+LURFZlMtnM+JWkGtJtVoplapJV41k7yHp5QtpCKYhmIagO7cQKoAl6r38tNuXJAqoMIRjrTsuCo0XY2UY4TTJdSNNQ0zGeEg7lgocUO3F850SeGKVPhxIZY8wcK5+n4hxoPUk8G0ywGakf3sz8S+vE5lBxYuZCCNDBVk8NIg4NBLOWoJ9pigxfGIJJorZXSEZYYWJsV3mbAnpT+H/pFkquuVi+faiULta1pEFR+AYnAIXXIIauAF10AAEPIJn8ArenCfnxXl3PhbRjLOcOQQ/4Ey/ABDMnLI=</latexit>⇢x

(Y.Afik, J.Nova 2003.02280)

<latexit sha1_base64="t9xZ7f/4Lg4Qs7sjbJf+LPP+s8w="></latexit>

�x[e�e+(⇢i0) ! tt̄]

�[e�e+(⇢mix
0 ) ! tt̄]

measurable

• Consider 4 purely polarised beam settings:

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

e�e+ ! tt̄

<latexit sha1_base64="vuTROr6ZlIzYRaH7qCR6wxrpckI="></latexit>

Ix(|iihi|) = %ix = Tr%ix · %ix
Tr%ix



• For not perfectly polarised beams,

<latexit sha1_base64="5ex9QKIpfjCCwmgH/yZMNi2e9bM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkItVDD0UvHivYD2hD2Ww37dLNJt3dCDX0l3jxoIhXf4o3/43bNgdtfTDweG+GmXl+zJnSjvNt5dbWNza38tuFnd29/aJ9cNhUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6nfmtRyoVi8SDnsTUC/FAsIARrI3Us4tOFY3Puz6WaIyqyO3ZJafszIFWiZuREmSo9+yvbj8iSUiFJhwr1XGdWHsplpoRTqeFbqJojMkID2jHUIFDqrx0fvgUnRqlj4JImhIazdXfEykOlZqEvukMsR6qZW8m/ud1Eh1ceykTcaKpIItFQcKRjtAsBdRnkhLNJ4ZgIpm5FZEhlphok1XBhOAuv7xKmhdlt1Ku3F+WajdZHHk4hhM4AxeuoAZ3UIcGEEjgGV7hzXqyXqx362PRmrOymSP4A+vzB9HgkUQ=</latexit>

0 < q, q̄ < 1
<latexit sha1_base64="JgHJiIIYCP31DuZZlmOimh2c7Mo=">AAACIHicbVDLSsNAFJ3UV42vqEs3g0Vo6YNEpHUjFN24rGBboYllMp20QycPZiZCCf0UN/6KGxeK6E6/xkmbhbYeGO65597LnXvciFEhTfNLy62srq1v5Df1re2d3T1j/6Ajwphj0sYhC/mdiwRhNCBtSSUjdxEnyHcZ6brjq7TefSBc0DC4lZOIOD4aBtSjGEkl9Y1G0Q59MkT31QrMWLkEL6Cd6MVypVyqQBWqaajOs6rKoD3tGwWzZs4Al4mVkQLI0Oobn/YgxLFPAokZEqJnmZF0EsQlxYxMdTsWJEJ4jIakp2iAfCKcZHbgFJ4oZQC9kKsXSDhTf08kyBdi4ruq00dyJBZrqfhfrRdL79xJaBDFkgR4vsiLGZQhTN2CA8oJlmyiCMKcqr9CPEIcYak81ZUJ1uLJy6RzWrPqtfrNWaF5mdmRB0fgGBSBBRqgCa5BC7QBBo/gGbyCN+1Je9HetY95a07LZg7BH2jfP9d1m+Y=</latexit>

(!�,!+) = {(+,+), (+,�), (�,+), (�,�)}
<latexit sha1_base64="3vdBOva3T/eemMrmR7aeQUck1go="></latexit>

⇢(!
+)

e+ =
1

2
(1 + !+q̄)|+ih+|+ 1

2
(1� !+q̄)|�ih�|

<latexit sha1_base64="vWXUQvp7Yri43J+ZaLKgya/a1y4="></latexit>

⇢(!
�)

e� =
1

2
(1 + !�q)|+ih+|+ 1

2
(1� !�q)|�ih�|

<latexit sha1_base64="B4ESvc1DzBcitiuoqTrqkuwJ1ko="></latexit>

⇢(!
�,!+)

0 = ⇢(!
�)

e� ⌦ ⇢(!
+)

e+

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

=
1

4

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

<latexit sha1_base64="TMv/B4jz35UNB2jNqiiAF1+4Bwc="></latexit>

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

section of e−e+ → tt̄ with the unpolarised e+e− beams. �x(⇢
i
0; e
−e+ → tt̄) is

the e�ective cross section after the kinematic selection, x, of the tt̄ mo-
menta, measured with the purely polarised beam i. ⇢x(⇢

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):

⌥ =
1

4qq̄

�

�
�
�

�

(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)

�

�
�
�

�

.

(36)

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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<latexit sha1_base64="GCqNatrN9hC/zIJhhtXSOpjz6tw="></latexit>0

BBB@

⇢(+,+)
0

⇢(+,�)
0

⇢(�,+)
0

⇢(�,�)
0

1

CCCA
=

<latexit sha1_base64="I4apMCTQ29mGMeMaAp2YKipiRp4="></latexit>0

BB@

|++ih++ |
|+�ih+� |
|�+ih�+ |
|��ih� � |

1

CCA

<latexit sha1_base64="rXUTFJdUgQIDs8x+EsKBBs/yB/4="></latexit>0

BB@

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

1

CCA =

<latexit sha1_base64="YJvQmTUbEf/OCfMUKmT+bjCEOQ8="></latexit>0

BBB@

Ix(⇢(+,+)
0 )

Ix(⇢(+,�)
0 )

Ix(⇢(�,+)
0 )

Ix(⇢(�,�)
0 )

1

CCCA

<latexit sha1_base64="2RIANbhQyOalk52/0ZDvpYVjwR4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL0VBKR6rHoxWMV+wFtKJvtpl262YTdiVBK/4EXD4p49R9589+4aXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj28xvP3FtRKwecZJwP6JDJULBKFrpoVLsl8pu1Z2DrBIvJ2XI0eiXvnqDmKURV8gkNabruQn6U6pRMMlnxV5qeELZmA5511JFI2786fzSGTm3yoCEsbalkMzV3xNTGhkziQLbGVEcmWUvE//zuimG1/5UqCRFrthiUZhKgjHJ3iYDoTlDObGEMi3srYSNqKYMbThZCN7yy6ukdVH1atXa/WW5fpPHUYBTOIMKeHAFdbiDBjSBQQjP8Apvzth5cd6dj0XrmpPPnMAfOJ8/pL+Myw==</latexit>

(
<latexit sha1_base64="OP49KSjxTNbrcgix9ho4pHxCxrw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArEj0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUq5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3IPjLg=</latexit>

)
<latexit sha1_base64="7qdlpxPacQLaH047tn50yfQNVtk=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cO71SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaV5UvGqlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+d0jPc=</latexit>�1

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

}
measurablediag. entries of 

Choi matrix

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

}
4 beam settings



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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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
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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 off-diagonal elements:

• Consider polarisations NOT in the direction of the beam:

• Consider the beam setting 
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in the m and n directions as
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with �↵�2 + ���2 = ���2 + ���2 = 1 and ↵↵̄∗ + ��̄∗ = ��̄ + ��̄∗ = 0.
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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 off-diagonal elements:
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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 off-diagonal elements:

• Consider the beam setting 
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�
%(+,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
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1

2iIm(↵�∗�∗�) �
�∗� −↵∗�
−��∗ ↵�∗ � ,
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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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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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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
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�
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�

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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• Is this prediction agrees with the measurement?
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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
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�
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�

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

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

�
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(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

• Is this prediction agrees with the measurement?

<latexit sha1_base64="uP8LPA0z4vyuKZgo2TbIM9GELCk=">AAACHnicbVBNS8MwGE7n15xfVY9egkPwIKMVnV6EoRePE9wHrKWkWbplS9OSpMLo9ku8+Fe8eFBE8KT/xqzrQTcfCHnyPO/Lm/fxY0alsqxvo7C0vLK6VlwvbWxube+Yu3tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnDm6nfeiBC0ojfq1FM3BD1OA0oRkpLnnnuiH7kWfAKOjIJvZSeDCYw01Kq2RhS/UK8xwh02OwewLFnlq2KlQEuEjsnZZCj7pmfTjfCSUi4wgxJ2bGtWLkpEopiRiYlJ5EkRniIeqSjKUchkW6arTeBR1rpwiAS+nAFM/V3R4pCKUehrytDpPpy3puK/3mdRAWXbkp5nCjC8WxQkDCoIjjNCnapIFixkSYIC6r/CnEfCYSVTrSkQ7DnV14kzdOKXa1U787Ktes8jiI4AIfgGNjgAtTALaiDBsDgETyDV/BmPBkvxrvxMSstGHnPPvgD4+sHr/Whng==</latexit>

⇢0 =
X

i,j

⇢ij |iihj|
<latexit sha1_base64="HotiuE+HpmYYnD0QstZZqVr/PpI="></latexit>

%x =
X

i,j

⇢ijeIx(|iihj|)

Test of Linearity<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>)

• Are all eigenvalues non-negative?

Test of Complete-Positivity
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>)



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,
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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:
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where i runs over possible contributions. For example, the Standard
Model contribution can be obtained by summing over i = A and Z with
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E and � = E
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. 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)
=
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∗
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
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(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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This completes the reconstruction of all elements of Ĩx, thereby achiev-
ing the quantum process tomography of the spin states in e+e− → tt̄.
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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:
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Lagrangian (48), implies that in the Standard Model at tree-level, the Ĩx
has the structure

Ĩx =
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�
�
�
�

�

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�
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�

�
�
�
�
�

�

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

�
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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
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s = 355 GeV, the tree-level Standard
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Here, the coe�cients a(�)ij are dependent on the centre of mass energy
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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
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Model values are

a(+)�√
s=355GeV

=

�

�
�
�

�

0.188 −0.705 0.338 0.188
−0.705 2.643 −1.268 −0.705
0.338 −1.268 0.608 0.338
0.188 −0.705 0.338 0.188

�

�
�
�

�

⋅ 10−2 ,

a(+−)�√
s=355GeV

=

�

�
�
�

�

0.300 0.356 −0.940 0.300
−1.124 −1.334 3.525 −1.124
0.539 0.640 −1.692 0.539
0.300 0.356 −0.940 0.300

�

�
�
�

�

⋅ 10−2 ,

a(−)�√
s=355GeV

=

�

�
�
�

�

0.478 0.567 −1.499 0.478
0.567 0.673 −1.779 0.567
−1.499 −1.779 4.700 −1.499
0.478 0.567 −1.499 0.478

�

�
�
�

�

⋅ 10−2 , (61)

(D0,D1,D2)�
√
s=355GeV = (0.1000,0.0606,0.0729) .

while for
√
s = 1 TeV, these values change to

a(+)�√
s=1TeV =

�

�
�
�

�

3.679 −1.557 −0.988 3.679
−1.557 0.659 0.418 −1.557
−0.988 0.418 0.265 −0.988
3.679 −1.557 −0.988 3.679

�

�
�
�

�

⋅ 10−2 ,

a(+−)�√
s=1TeV =

�

�
�
�

�

5.706 −1.621 −2.328 5.706
−2.415 0.686 0.985 −2.415
−1.533 0.435 0.625 −1.533
5.706 −1.621 −2.328 5.706

�

�
�
�

�

⋅ 10−2 ,

a(−)�√
s=1TeV =

�

�
�
�

�

8.849 −2.514 −3.610 8.849
−2.514 0.714 1.025 −2.514
−3.610 1.025 1.473 −3.610
8.849 −2.514 −3.610 8.849

�

�
�
�

�

⋅ 10−2 , (62)

(D0,D1,D2)�
√
s=1TeV = (0.282,0.0115,−0.219) .

6 Experimental perspectives
The central issue is to seek processes, in which:

• we can control the polarization of the colliding particles �n̂, m̂�in;

• the output %out can be reconstructed via quantum state tomogra-
phy;

• %out = %out(n̂, m̂), i.e. the final state does depend non-trivially on
the initial polarization beam.
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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)
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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,
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Sensitive to BSM extension!



Summary and Discussion
- High-energy tests of QM are important: 


- Locality may be an emerging property.

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


• The spin correlation measurement at polarised colliders can be understood as a 
quantum instrument. ex. 


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


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


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

e+e− → tt̄



Thank you for listening!


