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Shift of emphasis from QM to QFT

• Energy levels

• Measurements

• Non-commuting observables

• S-matrix

• Fixed representations

• Commuting observables

where is the quantum in QFT?

QFTQM

entanglement, Bell inequalities



CHSH inequality

<latexit sha1_base64="6kG1LUCIsWl4o9w2Gko7MoBnoqs=">AAACIHicbVDNSgMxGMzW//pX9ShIUIT2UnYFqeCl6MVjBauFblm+TdM2ms0uSdayLPsoXnwVLyKK6E0fwacw23qw1YHAMPN9SWb8iDOlbfvDKszMzs0vLC4Vl1dW19ZLG5uXKowloU0S8lC2fFCUM0GbmmlOW5GkEPicXvk3p7l/dUulYqG40ElEOwH0BesxAtpIXqnmBqAHBHjayMpuHIGU4dBL3QFoLDyWHWO3Gw7FpHydVbzSnl21R8B/ifND9uoVdyfpP301vNK7uYjEARWacFCq7diR7qQgNSOcZkU3VjQCcgN92jZUQEBVJx0FzPC+Ubq4F0pzhMYj9fdGCoFSSeCbyTyOmvZy8T+vHeveUSdlIoo1FWT8UC/mWIc4bwt3maRE88QQIJKZv2IyAAlEm06LpgRnOvJfcnlQdQ6r9rlp4wSNsYi20S4qIwfVUB2doQZqIoLu0AN6Ri/WvfVovVpv49GC9bOzhSZgfX4D2aunqg==</latexit>

P("n̂i ; #n̂j )

<latexit sha1_base64="J0ascZmSOrPeXgsZD904rmY79BY=">AAACDHicbVDLSgMxFM3UV62vqks3oUWoiGVGEAU3RTcuK9gHdIbhTpq2oZnMkGSUMvQD3LjyP9y4UMStH+Cuf2P6WGjrgcDhnHPJvSeIOVPatkdWZml5ZXUtu57b2Nza3snv7tVVlEhCayTikWwGoChngtY005w2Y0khDDhtBP3rsd+4p1KxSNzpQUy9ELqCdRgBbSQ/X3RD0D0CPK0OS24Sg5TRg5+6PdBY+Gx4iU+OTMou2xPgReLMSLFScI+fR5VB1c9/u+2IJCEVmnBQquXYsfZSkJoRToc5N1E0BtKHLm0ZKiCkyksnxwzxoVHauBNJ84TGE/X3RAqhUoMwMMnx6mreG4v/ea1Edy68lIk40VSQ6UedhGMd4XEzuM0kJZoPDAEimdkVkx5IINr0lzMlOPMnL5L6adk5K9u3po0rNEUWHaACKiEHnaMKukFVVEMEPaIX9IberSfr1fqwPqfRjDWb2Ud/YH39AGAkniE=</latexit>

P("n̂i ;�) spin of one quark up 

in the direction     <latexit sha1_base64="0oahN6bpiyO0YL0CY49ff+ac1yA=">AAAB63icbVDLSgNBEOyNr5j4iHr0MhgFT2FXED0GvXiMYB6QLGF2MpuMmZldZmYDYckvePGgiFd/wR/wD7z5IXp2NslBowUNRVU33V1BzJk2rvvh5JaWV1bX8uuF4sbm1nZpZ7eho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8zPzmiCrNInljxjH1Be5LFjKCTSYh2b3tlspuxZ0C/SXenJSrh5+vb6PiV61beu/0IpIIKg3hWOu258bGT7EyjHA6KXQSTWNMhrhP25ZKLKj20+mtE3RklR4KI2VLGjRVf06kWGg9FoHtFNgM9KKXif957cSE537KZJwYKslsUZhwZCKUPY56TFFi+NgSTBSztyIywAoTY+Mp2BC8xZf/ksZJxTutuNc2jQuYIQ/7cADH4MEZVOEKalAHAgO4gwd4dIRz7zw5z7PWnDOf2YNfcF6+AWvCkkI=</latexit>nj

PRO

spin of one quark up in the direction 

other quark spin down in the direction

<latexit sha1_base64="0vzink5Q+LGdf7AYB9ZPrCYMis0=">AAAB63icbVC7SgNBFL0bXzG+ooKNzWAQrMKuELQMsbFMwDwgWcLsZDYZMjO7zMwKYckv2FgoYmvpX/gFdjZ+i7NJCk08cOFwzr3ce08Qc6aN6345ubX1jc2t/HZhZ3dv/6B4eNTSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxjfZH77nirNInlnJjH1BR5KFjKCTSYh2Wf9YsktuzOgVeItSKl60vhm77WPer/42RtEJBFUGsKx1l3PjY2fYmUY4XRa6CWaxpiM8ZB2LZVYUO2ns1un6NwqAxRGypY0aKb+nkix0HoiAtspsBnpZS8T//O6iQmv/ZTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOwIXjLL6+S1mXZq5Tdhk2jBnPk4RTO4AI8uIIq3EIdmkBgBA/wBM+OcB6dF+d13ppzFjPH8AfO2w+HFpGZ</latexit>ni
<latexit sha1_base64="0oahN6bpiyO0YL0CY49ff+ac1yA=">AAAB63icbVDLSgNBEOyNr5j4iHr0MhgFT2FXED0GvXiMYB6QLGF2MpuMmZldZmYDYckvePGgiFd/wR/wD7z5IXp2NslBowUNRVU33V1BzJk2rvvh5JaWV1bX8uuF4sbm1nZpZ7eho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8zPzmiCrNInljxjH1Be5LFjKCTSYh2b3tlspuxZ0C/SXenJSrh5+vb6PiV61beu/0IpIIKg3hWOu258bGT7EyjHA6KXQSTWNMhrhP25ZKLKj20+mtE3RklR4KI2VLGjRVf06kWGg9FoHtFNgM9KKXif957cSE537KZJwYKslsUZhwZCKUPY56TFFi+NgSTBSztyIywAoTY+Mp2BC8xZf/ksZJxTutuNc2jQuYIQ/7cADH4MEZVOEKalAHAgO4gwd4dIRz7zw5z7PWnDOf2YNfcF6+AWvCkkI=</latexit>nj

probabilities

Clauser-Horne-Shimony-Holt 

framing Bell inequalities in a easy-to-use form



<latexit sha1_base64="EoFyKq+CJrocePjurf119CToT/E=">AAACf3icjVFNa9tAEF0pzZebD6c99rIkhNokCCkQ2lKCTXvp0YU6CXiNGK3W8ZLVSuyOUoyiH5FLf1hv/RH9Bz1kZbvQJjlkYOHtezM7O2+SQkmLYfjL81derK6tb2y2Xm5t7+y2916d27w0XAx5rnJzmYAVSmoxRIlKXBZGQJYocZFcf270ixthrMz1N5wVYpzBlZYTyQEdFbd/sAxwykFVg7rDygKMyb/HVcWmgFTXcVR/pE/QJ3WXnlEmNdKUMuX6pUDZMWUCobO8dxuCFvFf+fnP 1924fRAG4TzoYxAtwUG/F5z2bn/fDeL2T5bmvMyERq7A2lEUFjiuwKDkStQtVlpRAL+GKzFyUEMm7Lia+1fTQ8ekdJIbd9xE c/bfigoya2dZ4jIbt+xDrSGf0kYlTt6PK6mLEoXmi0aTUlHMabMMmkojOKqZA8CNdH+lfAoGOLqVtZwJ0cORH4PzkyA6DcKvzo1PZBEb5A3ZJx0SkXekT76QARkSTv54+96Rd+x7/ls/8MNFqu8ta16T/8L/cA9hbsQ+</latexit>

P("n̂1 ; "n̂2) =

Z
d� ⌘(�) p�("n̂1 ; "n̂)

<latexit sha1_base64="T1gi3Dd8Sc2GxT0Di9O1w/jbib4="></latexit>

P("n̂1 ;�) =

Z
d� ⌘(�) p�("n̂1 ;�)

<latexit sha1_base64="2zg3g0xnRwcnrGWuWLWKe3HowV4="></latexit>

p�("n̂; #m̂) = p�("n̂;�) p�(�; #m̂)

stocastic variables

locality assumption

probability independence

CHSH inequality

<latexit sha1_base64="8s162mG9wgcM88/ipMJF2Z2p74M=">AAACDHicbVDLSsNAFJ34rPVVdelmsAgVpCRF1I1QdOOygn1AE8pkMmmHTiZh5kYooR/gxl9x40IRt36AO//GaZuFth4YOJxzLnPv8RPBNdj2t7W0vLK6tl7YKG5ube/slvb2WzpOFWVNGotYdXyimeCSNYGDYJ1EMRL5grX94c3Ebz8wpXks72GUMC8ifclDTgkYqVcqu1wCDrArzExAsHuKXQYEV3LhBF85JmVX7SnwInFyUkY5Gr3SlxvENI2YBCqI1l3HTsDLiAJOBRsX3VSzhNAh6bOuoZJETHvZ9JgxPjZKgMNYmWdWm6q/JzISaT2KfJOMCAz0vDcR//O6KYSXXsZlkgKTdPZRmAoMMZ40gwOuGAUxMoRQxc2umA6IIhRMf0VTgjN/8iJp1arOebV2d1auX+d1FNAhOkIV5KALVEe3qIGaiKJH9Ixe0Zv1ZL1Y79bHLLpk5TMH6A+szx8+/5ky</latexit>Z
d� ⌘(�) = 1
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<latexit sha1_base64="fAzwP8ZagF4K0rIIdg2UclVpooM="></latexit>

P("n̂1 ; "n̂2)� P("n̂1 ; "n̂4) + P("n̂3 ; "n̂2) + P("n̂3 ; "n̂4)  P("n̂3 ;�) + P(�; "n̂2)

<latexit sha1_base64="TKYEipBjs+9zp5clsQc6bqpN3+8=">AAACHHicbZDLSgMxFIYz9VbrbVRw4yZYBEEsM21Fl6VuXLZgL9CWIZNm2tBMZkwy0lL6IG58A5/BTReKuHEhuPFZzLQVtPVAwpf/nMPJ+d2QUaks69NILC2vrK4l11Mbm1vbO+buXlUGkcCkggMWiLqLJGGUk4qiipF6KAjyXUZqbu8qztfuiJA04DdqEJKWjzqcehQjpSXHzPUdG/adLDyDU8rDU33nYu0H8rDJyO3kEUtZx0xbGWsScBHsGaQLB+Uv+lgclxzzvdkOcOQTrjBDUjZsK1StIRKKYkZGqWYkSYhwD3VIQyNHPpGt4WS5ETzWSht6gdCHKzhRf3cMkS/lwHd1pY9UV87nYvG/XCNS3mVrSHkYKcLxdJAXMagCGDsF21QQrNhAA8KC6r9C3EUCYaX9TGkT7PmVF6GazdjnGaus3SiCaSTBITgCJ8AGF6AArkEJVAAG9+AJPIMX48EYG6/G27Q0Ycx69sGfMD6+AdlLoJU=</latexit>

x1x2 � x1x4 + x3x2 + x3x4  x3 + x2

any four non-negative numbers
four directions:

<latexit sha1_base64="vQUf8aj3PlEIU1H5GtcUR8Fh2ds=">AAAB73icbVDLSgNBEOyNrxhfUcGLl8EgeAq7gugxxIvHBMwDkhBmJ7PJkNnZdaZXCEt+wosHRbx68C/8Am9e/BYnj4MmFjQUVd10d/mxFAZd98vJrKyurW9kN3Nb2zu7e/n9g7qJEs14jUUy0k2fGi6F4jUUKHkz1pyGvuQNf3g98Rv3XBsRqVscxbwT0r4SgWAUrdRsDygS1fW6+YJbdKcgy8Sbk0LpqPot3ssflW7+s92LWBJyhUxSY1qeG2MnpRoFk3ycayeGx5QNaZ+3LFU05KaTTu8dk1Or9EgQaVsKyVT9PZHS0JhR6NvOkOLALHoT8T+vlWBw1UmFihPkis0WBYkkGJHJ86QnNGcoR5ZQpoW9lbAB1ZShjShnQ/AWX14m9fOid1F0qzaNMsyQhWM4gTPw4BJKcAMVqAEDCQ/wBM/OnfPovDivs9aMM585hD9w3n4AOqSTIg==</latexit>

n̂1

<latexit sha1_base64="6VvJyJqBLQ1X2a9ZChqY9eCODsQ=">AAAB73icbVDLSgNBEOz1GeMrKnjxMhgET2E3IHoM8eIxAfOAJITZyWwyZHZ2nekVwpKf8OJBEa8e/Au/wJsXv8XJ46CJBQ1FVTfdXX4shUHX/XJWVtfWNzYzW9ntnd29/dzBYd1EiWa8xiIZ6aZPDZdC8RoKlLwZa05DX/KGP7ye+I17ro2I1C2OYt4JaV+JQDCKVmq2BxSJ6ha7ubxbcKcgy8Sbk3zpuPot3ssflW7us92LWBJyhUxSY1qeG2MnpRoFk3ycbSeGx5QNaZ+3LFU05KaTTu8dkzOr9EgQaVsKyVT9PZHS0JhR6NvOkOLALHoT8T+vlWBw1UmFihPkis0WBYkkGJHJ86QnNGcoR5ZQpoW9lbAB1ZShjShrQ/AWX14m9WLBuyi4VZtGGWbIwAmcwjl4cAkluIEK1ICBhAd4gmfnznl0XpzXWeuKM585gj9w3n4APCiTIw==</latexit>

n̂2

<latexit sha1_base64="edUGdKt8WvMKW9ZKBJO5uL2M+NE=">AAAB73icbVDLSgNBEOz1GeMrKnjxMhgET2FXET2GePGYgHlAsoTZyWwyZHZ2nekVQshPePGgiFcP/oVf4M2L3+LkcdDEgoaiqpvuriCRwqDrfjlLyyura+uZjezm1vbObm5vv2biVDNeZbGMdSOghkuheBUFSt5INKdRIHk96F+P/fo910bE6hYHCfcj2lUiFIyilRqtHkWi2uftXN4tuBOQReLNSL54WPkW76WPcjv32erELI24QiapMU3PTdAfUo2CST7KtlLDE8r6tMublioaceMPJ/eOyIlVOiSMtS2FZKL+nhjSyJhBFNjOiGLPzHtj8T+vmWJ45Q+FSlLkik0XhakkGJPx86QjNGcoB5ZQpoW9lbAe1ZShjShrQ/DmX14ktbOCd1FwKzaNEkyRgSM4hlPw4BKKcANlqAIDCQ/wBM/OnfPovDiv09YlZzZzAH/gvP0APayTJA==</latexit>

n̂3
<latexit sha1_base64="+OJ/u/aO9lHwcei2L/a2FSefNyk=">AAAB73icbVDLSgNBEOz1GeMrKnjxMhgET2FXFD2GePGYgHlAsoTZyWwyZHZ2nekVQshPePGgiFcP/oVf4M2L3+LkcdDEgoaiqpvuriCRwqDrfjlLyyura+uZjezm1vbObm5vv2biVDNeZbGMdSOghkuheBUFSt5INKdRIHk96F+P/fo910bE6hYHCfcj2lUiFIyilRqtHkWi2uftXN4tuBOQReLNSL54WPkW76WPcjv32erELI24QiapMU3PTdAfUo2CST7KtlLDE8r6tMublioaceMPJ/eOyIlVOiSMtS2FZKL+nhjSyJhBFNjOiGLPzHtj8T+vmWJ45Q+FSlLkik0XhakkGJPx86QjNGcoB5ZQpoW9lbAe1ZShjShrQ/DmX14ktbOCd1FwKzaNEkyRgSM4hlPw4BKKcANlqAIDCQ/wBM/OnfPovDiv09YlZzZzAH/gvP0APzCTJQ==</latexit>

n̂4

CHSH inequality



6

<latexit sha1_base64="IPSgGrCfbht/Hb0C2YCyYdzFk3I="></latexit>

⇢ =
1

4

h
1⌦ 1 +

X

i

Ai(�i ⌦ 1) +
X

j

Bj(1⌦ �j) +
X

ij

Cij(�i ⌦ �j)
i

<latexit sha1_base64="OC1oVzFFtRsbkF3xFJpn2tRgjxE="></latexit>���n̂1 · C ·
�
n̂2 � n̂4

�
+ n̂3 · C ·

�
n̂2 + n̂4

����  2

quantum state of two spin 1/2 particles

CHSH inequality
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<latexit sha1_base64="gzNUCE0lUORB9WUR0zPlHyR1UPA="></latexit>���n̂1 · C ·
�
n̂2 � n̂4

�
+ n̂3 · C ·

�
n̂2 + n̂4

���� = 2
p
2

<latexit sha1_base64="hJhfo7rHKqiMWWSkNbw4y/cbOd4=">AAACAHicbVC7TsMwFHXKq6Q8AgwMLBYFiYUqQUKwIFV0YSwSfUhtFDmO05o6D9lOpSrKwq+wMIAQCwMrf8DGh8CMm3aAliNd6fice+V7jxszKqRpfmqFhcWl5ZXiql5aW9/YNLa2myJKOCYNHLGIt10kCKMhaUgqGWnHnKDAZaTlDmpjvzUkXNAovJGjmNgB6oXUpxhJJTnGrl5zUnqbwQt4DLseYRLlb8comxUzB5wn1pSUqwdfr+/D0nfdMT66XoSTgIQSMyRExzJjaaeIS4oZyfRuIkiM8AD1SEfREAVE2Gl+QAYPleJBP+KqQglz9fdEigIhRoGrOgMk+2LWG4v/eZ1E+ud2SsM4kSTEk4/8hEEZwXEa0KOcYMlGiiDMqdoV4j7iCEuVma5CsGZPnifNk4p1WjGvVRqXYIIi2AP74AhY4AxUwRWogwbAIAP34BE8aXfag/asvUxaC9p0Zgf8gfb2A8Cnmas=</latexit>

Cij = ��ijfor maximal entanglement

Wikipedia


<latexit sha1_base64="IDxIzZM0yQtvCu4EYIxzOVmdH3I="></latexit>

n1 = ẑ n2 =
�1p
2
(ẑ + x̂) n3 = x̂ n4 =

1p
2
(ẑ � x̂)

take

violation
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Tests of violation of Bell inequalities

Freedman&Clauser 1972

Fry&Thomson, 1976

Aspect group, 1982

Zeilinger group, 1998

entangled photons Kaon system other HEP systems

Benatti&Floreanini, 1998
Bertlmann et al., 2001

Positronium, 

Charmonium, 

neutrino oscillations

direct CP violation = Bell inequalities violation
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<latexit sha1_base64="OC1oVzFFtRsbkF3xFJpn2tRgjxE="></latexit>���n̂1 · C ·
�
n̂2 � n̂4

�
+ n̂3 · C ·

�
n̂2 + n̂4

����  2

<latexit sha1_base64="pukElgMZNZ2QLMS6BpKhMmk1Ok8=">AAAB8HicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBNFNsdiNG6FCb9KOJZNm2tBkZkgyQhn6FG5cKCLufBH3bsS3Mb0stPWHwMf/n0POOX7MmdKO821llpZXVtey6/bG5tb2Tm53r66iRBJaIxGPZNPHinIW0ppmmtNmLCkWPqcNf1Ae5417KhWLwqoextQTuBeygBGsjXV7jYqofFdF5U4u7xScidAiuDPIX3zYxfjty650cp/tbkQSQUNNOFaq5Tqx9lIsNSOcjux2omiMyQD3aMtgiAVVXjoZeISOjNNFQSTNCzWauL87UiyUGgrfVAqs+2o+G5v/Za1EB+deysI40TQk04+ChCMdofH2qMskJZoPDWAimZkVkT6WmGhzI9scwZ1feRHqJwX3tODcOPnSJUyVhQM4hGNw4QxKcAUVqAEBAQ/wBM+WtB6tF+t1WpqxZj378EfW+w/8kpI3</latexit>

M = CTC
<latexit sha1_base64="qrAVHjQllDPRVyap7UbLinzT4cY=">AAAB/HicbVDLSgMxFM3UV62v0YIbN8EiuCozFdFlqRuXLdgHtMOQSTNtaJIZk4wwDPVX3LhQpFu/wC9w58ZvMX0stPXA5R7OuZfcnCBmVGnH+bJya+sbm1v57cLO7t7+gX141FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN1M/fYDkYpG4k6nMfE4GggaUoy0kXy7yH23NyD3kPuVRb/w7ZJTdmaAq8RdkFL1uPFNJ7WPum9/9voRTjgRGjOkVNd1Yu1lSGqKGRkXeokiMcIjNCBdQwXiRHnZ7PgxPDNKH4aRNCU0nKm/NzLElUp5YCY50kO17E3F/7xuosNrL6MiTjQReP5QmDCoIzhNAvapJFiz1BCEJTW3QjxEEmFt8iqYENzlL6+SVqXsXpadhkmjBubIgxNwCs6BC65AFdyCOmgCDFLwBF7Aq/VoPVtv1mQ+mrMWO0XwB9b7Dxl6l3Y=</latexit>

m1 � m2 � m3

from the CHSH inequality to a single observable
Horodecki, P. Horodecki, M. Horodecki and K. Horodecki, Rev. Mod. Phys. 81, 865-942 (2009) 

<latexit sha1_base64="nYlYlTqjKkUB+pOKH6z9GmQedWg=">AAAB9XicbVDLSgNBEOyNrxhfUcGLl8EgCELYDYgeQ7x4TMA8IFmX2clsMmRmd52ZVcKS//DiQRFv4k/4Bd68+C1OHgdNLGgoqrrp7vJjzpS27S8rs7S8srqWXc9tbG5t7+R39xoqSiShdRLxSLZ8rChnIa1rpjltxZJi4XPa9AeXY795R6ViUXithzF1Be6FLGAEayPdCM85FV4JdTi9RY6XL9hFewK0SJwZKZQPat/srfJR9fKfnW5EEkFDTThWqu3YsXZTLDUjnI5ynUTRGJMB7tG2oSEWVLnp5OoROjZKFwWRNBVqNFF/T6RYKDUUvukUWPfVvDcW//PaiQ4u3JSFcaJpSKaLgoQjHaFxBKjLJCWaDw3BRDJzKyJ9LDHRJqicCcGZf3mRNEpF56xo10waFZgiC4dwBCfgwDmU4QqqUAcCEh7gCZ6te+vRerFep60ZazazD39gvf8Aba2U3A==</latexit>

m1 +m2  1
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<latexit sha1_base64="HfLcaUvL8Ws4qsQcrhMsiP/zn/w=">AAACEnicbZDLSsNAFIYn9VbrLerSzWAR2oUlKaJuhKIblxXsBZpQJtNJO3QyCTMTIYQ8gxtfxY0LRdy6cufbOE2z0NYfBj7+cw5nzu9FjEplWd9GaWV1bX2jvFnZ2t7Z3TP3D7oyjAUmHRyyUPQ9JAmjnHQUVYz0I0FQ4DHS86Y3s3rvgQhJQ36vkoi4ARpz6lOMlLaGZt2ZIAUFvIKOLxBO7SwVGazB3I7gKUzmOK0PzarVsHLBZbALqIJC7aH55YxCHAeEK8yQlAPbipSbIqEoZiSrOLEkEcJTNCYDjRwFRLppflIGT7Qzgn4o9OMK5u7viRQFUiaBpzsDpCZysTYz/6sNYuVfuinlUawIx/NFfsygCuEsHziigmDFEg0IC6r/CvEE6WiUTrGiQ7AXT16GbrNhnzead2fV1nURRxkcgWNQAza4AC1wC9qgAzB4BM/gFbwZT8aL8W58zFtLRjFzCP7I+PwBXkSbYw==</latexit>

r̂ =
1

r
(p̂� yk̂)

<latexit sha1_base64="uMwDis4FTrTHfUmWwBqIo/kSmgs=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVpCRF1I1QdOOygn1AU8pkOmmHTiZh5kYooT/hxl9x40IRt4I7/8ZpmoW2Hhg495x7uXOPHwuuwXG+raXlldW19cJGcXNre2fX3ttv6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHN1O/9cCU5pG8h3HMuiEZSB5wSsBIPfvUGxLAEl9hL1CEpu4kVRNcxpkcYw94yPSsGp307JJTcTLgReLmpIRy1Hv2l9ePaBIyCVQQrTuuE0M3JQo4FWxS9BLNYkJHZMA6hkpilnXT7KoJPjZKHweRMk8CztTfEykJtR6HvukMCQz1vDcV//M6CQSX3ZTLOAEm6WxRkAgMEZ5GhPtcMQpibAihipu/YjokJh0wQRZNCO78yYukWa2455Xq3Vmpdp3HUUCH6AiVkYsuUA3dojpqIIoe0TN6RW/Wk/VivVsfs9YlK585QH9gff4Ak7CdNQ==</latexit>

n̂ =
1

r
(p̂⇥ k̂)

<latexit sha1_base64="J/FUt1J9dZ2bxu2RqbUJNSPWqx8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokRdSNUHTjsoJ9QBPKZDJph04yYeZGCKUbf8WNC0Xc+hnu/BunbRbaeuDCmXPuZe49QSq4Bsf5tkorq2vrG+XNytb2zu6evX/Q1jJTlLWoFFJ1A6KZ4AlrAQfBuqliJA4E6wSj26nfeWRKc5k8QJ4yPyaDhEecEjBS3z7K8TX2hgRwij0aSpg/Rn276tScGfAycQtSRQWaffvLCyXNYpYAFUTrnuuk4I+JAk4Fm1S8TLOU0BEZsJ6hCYmZ9sezAyb41CghjqQylQCeqb8nxiTWOo8D0xkTGOpFbyr+5/UyiK78MU/SDFhC5x9FmcAg8TQNHHLFKIjcEEIVN7tiOiSKUDCZVUwI7uLJy6Rdr7kXtfr9ebVxU8RRRsfoBJ0hF12iBrpDTdRCFE3QM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwCU4pUh</latexit>

y = p̂ · k̂
<latexit sha1_base64="m+hh0ekh2rA4aby7mWpONC2Jdzs=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwYkmKqBeh6MVjBfsBbSyb7aZdutnE3YlYQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZ58eCa3Ccb2tpeWV1bb2wUdzc2t7ZtfdKTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Hritx6Z0jySdzCOmReSgeQBpwSM1LNLCl/irn5QkLr4BI/vq1nPLjsVZwq8SNyclFGOes/+6vYjmoRMAhVE647rxOClRAGngmXFbqJZTOiIDFjHUElCpr10enuGj4zSx0GkTEnAU/X3REpCrcehbzpDAkM9703E/7xOAsGFl3IZJ8AknS0KEoEhwpMgcJ8rRkGMDSFUcXMrpkOiCAUTV9GE4M6/vEia1Yp7VqnenpZrV3kcBXSADtExctE5qqEbVEcNRNETekav6M3KrBfr3fqYtS5Z+cw++gPr8wf0X5Ma</latexit>

r =
p

1� y2

<latexit sha1_base64="Qut4jMl4p/FGGu9sfhc33FIGE5Q="></latexit>

pp ! t+ t̄ ! `±`⌥ + jets + Emiss
T

Implementing  at the LHC

<latexit sha1_base64="/YxYhRf8nfY2Lh82cyDiUnhYEUs=">AAACFHicbVA9SwNBEN3z2/gVtbRZFCEghDtBtBFEG0sFo0IuHnObiVncuz1254RwxB9gZ+Mf8EfYWChia2Fn7R9xk1j49WDg8d4MM/PiTElLvv/uDQ2PjI6NT0yWpqZnZufK8wvHVudGYE1opc1pDBaVTLFGkhSeZgYhiRWexBd7Pf/kEo2VOj2iToaNBM5T2ZICyElReS0U2vKQ2khwBtEa3+ZhG6gIUalu5NympoEC3ai84lf9PvhfEnyRlZ1K5eP6yt4dROW3sKlFnmBKQoG19cDPqFGAISkUdkthbjEDcQHnWHc0hQRto+g/1eWrTmnyljauUuJ99ftEAYm1nSR2nQlQ2/72euJ/Xj2n1lajkGmWE6ZisKiVK06a9xLiTWlQkOo4AsJIdysXbTAgyOVYciEEv1/+S47Xq8FG1T90aeyyASbYEltmFRawTbbD9tkBqzHBbtg9e2RP3q334D17L4PWIe9rZpH9gPf6CbWaoa8=</latexit>

cos ✓a+ = ˆ̀
+ · â

<latexit sha1_base64="eNNXf6jxXa+J+coc4rIVCZM3tcw=">AAACFHicbVC7SgNBFJ31GeMramkzKEJADLuCaCMEbSwjmAdk4zI7uTGDszvLzF0hLPED7Gz8AT/CxkIRWws7a3/EyaPwdeDC4Zx7ufeeMJHCoOt+OBOTU9Mzs7m5/PzC4tJyYWW1ZlSqOVS5kko3QmZAihiqKFBCI9HAolBCPbw8Hvj1K9BGqPgMewm0InYRi47gDK0UFLZ9rgz1sQvIzsNghx5Sv8sw80HKfrDj87bCkRL2g8KmW3KHoH+JNyab5WLx8+ba3FeCwrvfVjyNIEYumTFNz02wlTGNgkvo5/3UQML4JbuApqUxi8C0suFTfbpllTbtKG0rRjpUv09kLDKmF4W2M2LYNb+9gfif10yxc9DKRJykCDEfLeqkkqKig4RoW2jgKHuWMK6FvZXyLtOMo80xb0Pwfr/8l9R2S95eyT21aRyREXJknWyQIvHIPimTE1IhVcLJLXkgT+TZuXMenRfnddQ64Yxn1sgPOG9fvyOhtQ==</latexit>

cos ✓b� = ˆ̀� · b̂

<latexit sha1_base64="vQUf8aj3PlEIU1H5GtcUR8Fh2ds=">AAAB73icbVDLSgNBEOyNrxhfUcGLl8EgeAq7gugxxIvHBMwDkhBmJ7PJkNnZdaZXCEt+wosHRbx68C/8Am9e/BYnj4MmFjQUVd10d/mxFAZd98vJrKyurW9kN3Nb2zu7e/n9g7qJEs14jUUy0k2fGi6F4jUUKHkz1pyGvuQNf3g98Rv3XBsRqVscxbwT0r4SgWAUrdRsDygS1fW6+YJbdKcgy8Sbk0LpqPot3ssflW7+s92LWBJyhUxSY1qeG2MnpRoFk3ycayeGx5QNaZ+3LFU05KaTTu8dk1Or9EgQaVsKyVT9PZHS0JhR6NvOkOLALHoT8T+vlWBw1UmFihPkis0WBYkkGJHJ86QnNGcoR5ZQpoW9lbAB1ZShjShnQ/AWX14m9fOid1F0qzaNMsyQhWM4gTPw4BJKcAMVqAEDCQ/wBM/OnfPovDivs9aMM585hD9w3n4AOqSTIg==</latexit>

n̂1

<latexit sha1_base64="6VvJyJqBLQ1X2a9ZChqY9eCODsQ=">AAAB73icbVDLSgNBEOz1GeMrKnjxMhgET2E3IHoM8eIxAfOAJITZyWwyZHZ2nekVwpKf8OJBEa8e/Au/wJsXv8XJ46CJBQ1FVTfdXX4shUHX/XJWVtfWNzYzW9ntnd29/dzBYd1EiWa8xiIZ6aZPDZdC8RoKlLwZa05DX/KGP7ye+I17ro2I1C2OYt4JaV+JQDCKVmq2BxSJ6ha7ubxbcKcgy8Sbk3zpuPot3ssflW7us92LWBJyhUxSY1qeG2MnpRoFk3ycbSeGx5QNaZ+3LFU05KaTTu8dkzOr9EgQaVsKyVT9PZHS0JhR6NvOkOLALHoT8T+vlWBw1UmFihPkis0WBYkkGJHJ86QnNGcoR5ZQpoW9lbAB1ZShjShrQ/AWX14m9WLBuyi4VZtGGWbIwAmcwjl4cAkluIEK1ICBhAd4gmfnznl0XpzXWeuKM585gj9w3n4APCiTIw==</latexit>

n̂2

<latexit sha1_base64="edUGdKt8WvMKW9ZKBJO5uL2M+NE=">AAAB73icbVDLSgNBEOz1GeMrKnjxMhgET2FXET2GePGYgHlAsoTZyWwyZHZ2nekVQshPePGgiFcP/oVf4M2L3+LkcdDEgoaiqpvuriCRwqDrfjlLyyura+uZjezm1vbObm5vv2biVDNeZbGMdSOghkuheBUFSt5INKdRIHk96F+P/fo910bE6hYHCfcj2lUiFIyilRqtHkWi2uftXN4tuBOQReLNSL54WPkW76WPcjv32erELI24QiapMU3PTdAfUo2CST7KtlLDE8r6tMublioaceMPJ/eOyIlVOiSMtS2FZKL+nhjSyJhBFNjOiGLPzHtj8T+vmWJ45Q+FSlLkik0XhakkGJPx86QjNGcoB5ZQpoW9lbAe1ZShjShrQ/DmX14ktbOCd1FwKzaNEkyRgSM4hlPw4BKKcANlqAIDCQ/wBM/OnfPovDiv09YlZzZzAH/gvP0APayTJA==</latexit>

n̂3
<latexit sha1_base64="+OJ/u/aO9lHwcei2L/a2FSefNyk=">AAAB73icbVDLSgNBEOz1GeMrKnjxMhgET2FXFD2GePGYgHlAsoTZyWwyZHZ2nekVQshPePGgiFcP/oVf4M2L3+LkcdDEgoaiqpvuriCRwqDrfjlLyyura+uZjezm1vbObm5vv2biVDNeZbGMdSOghkuheBUFSt5INKdRIHk96F+P/fo910bE6hYHCfcj2lUiFIyilRqtHkWi2uftXN4tuBOQReLNSL54WPkW76WPcjv32erELI24QiapMU3PTdAfUo2CST7KtlLDE8r6tMublioaceMPJ/eOyIlVOiSMtS2FZKL+nhjSyJhBFNjOiGLPzHtj8T+vmWJ45Q+FSlLkik0XhakkGJPx86QjNGcoB5ZQpoW9lbAe1ZShjShrQ/DmX14ktbOCd1FwKzaNEkyRgSM4hlPw4BKKcANlqAIDCQ/wBM/OnfPovDiv09YlZzZzAH/gvP0APzCTJQ==</latexit>

n̂4



Event generation

                                            

                                            

                                            

                                            

                                                                                        

at least 2 anti-k_t jets with R=0.4

at least 1 b-tagged jet
<latexit sha1_base64="jlKbHjwzucFHj4iju9I433z1y/k=">AAACEHicbVDJSgNBEO1xjXEb9eilSRAFIcwEgoIiQQ96jJANMiH0dCpJk57F7h4xTPIJXsQ/8eJBEa8eveVv7CwHTXxQ8Hiviqp6bsiZVJY1NBYWl5ZXVhNryfWNza1tc2e3LINIUCjRgAei6hIJnPlQUkxxqIYCiOdyqLjdq5FfuQchWeAXVS+EukfaPmsxSpSWGuZh2CjiC5zNYecMO54bPMTXUB5g5y4iTdx3QJH+eTaTa5hpK2ONgeeJPSXpfMo5fh7me4WG+e00Axp54CvKiZQ12wpVPSZCMcphkHQiCSGhXdKGmqY+8UDW4/FDA3yglSZuBUKXr/BY/T0RE0/KnufqTo+ojpz1RuJ/Xi1SrdN6zPwwUuDTyaJWxLEK8Cgd3GQCqOI9TQgVTN+KaYcIQpXOMKlDsGdfniflbMbOZaxbncYlmiCB9lEKHSEbnaA8ukEFVEIUPaIX9IbejSfj1fgwPietC8Z0Zg/9gfH1AzmBndE=</latexit>

pT > 25 GeV |⌘| < 2.5
<latexit sha1_base64="HuhzV2Zh6c7giba526Y8Vf5exzg="></latexit>

pT > 20 GeV |⌘| < 2.47

neutrino weighting technique (top quark momenta)

MadGraph5 (NNPDF23)

DELPHES (fast simulation

                      ATLAS detector)

jets
leptons

exactly two opposite sign leptons (e,mu) of different flavor
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<latexit sha1_base64="sZ62I8R/NykUDVRRTyciGWarN4Y=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2gyIExbAriDZC0MYyglEhG5e7k0kyZPbBzF0xLPEDrGz8Av/BxkIRWxs7a3/ESWKhxgMXzpxzL3PvCRIpNDrOh5UbG5+YnMpPF2Zm5+YX7MWlUx2nivEqi2WszgPQXIqIV1Gg5OeJ4hAGkp8FncO+f3bJlRZxdILdhNdDaEWiKRigkXx7w7sSfgZBj+5Tj8WaetjmCBfgb/56B/6Wb685JWcAOkrcb7JWLhY/b671fcW3371GzNKQR8gkaF1znQTrGSgUTPJewUs1T4B1oMVrhkYQcl3PBjf16LpRGrQZK1MR0oH6cyKDUOtuaBZfDwHb+q/XF//zaik29+qZiJIUecSGHzVTSTGm/YBoQyjOUHYNAaaE2ZWyNihgaGIsmBDcvyePktPtkrtTco5NGgdkiDxZIaukSFyyS8rkiFRIlTBySx7IE3m27qxH68V6HbbmrO+ZZfIL1tsXPiSgzw==</latexit>

⇠ab = cos ✓a+ cos ✓b�

<latexit sha1_base64="Qut4jMl4p/FGGu9sfhc33FIGE5Q="></latexit>

pp ! t+ t̄ ! `±`⌥ + jets + Emiss
T

Implementing  at the LHC

<latexit sha1_base64="CqUawna4i7LMnMR21CLfz8ptMsk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBEMpuKepJil48VrAf0C5LNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK3jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL6b+Z0nqjSL5aOZJNQXeChZxAg2VuqLwEMXSAQ1dOMF5YpbdedAq8TLSQVyNIPyV38Qk1RQaQjHWvc8NzF+hpVhhNNpqZ9qmmAyxkPas1RiQbWfzW+eojOrDFAUK1vSoLn6eyLDQuuJCG2nwGakl72Z+J/XS0107WdMJqmhkiwWRSlHJkazANCAKUoMn1iCiWL2VkRGWGFibEwlG4K3/PIqadeq3mW19lCvNG7zOIpwAqdwDh5cQQPuoQktIJDAM7zCm5M6L86787FoLTj5zDH8gfP5A1ZHj+4=</latexit>

m1 +m2 > 1

3 x 3 matrix

diagonalization for each value 

of invariant mass and scattering angle

<latexit sha1_base64="Ouiiz7KcWc4gDzPMu1hi2eWhuBM="></latexit>

Cab

⇥
�(mtt̄, cos⇥)

⇤
= �9

1

�

Z
d⇠ab

d�

d⇠ab
⇠ab

W. Bernreuther, D. Heisler and Z. G. Si, JHEP 12, 026 (2015)
Y. Afik and J. R. M. de Nova, [arXiv:2003.02280 [quant- ph]]. 




 1.0  1.1  1.1  1.0  1.0  1.0  1.0  1.0  1.0  1.0

 1.0  0.8  0.8  0.8  0.8  0.7  0.7  0.7  0.7  0.7

 0.8  0.8  0.6  0.5  0.5  0.4  0.4  0.4  0.3  0.3

 0.8  0.6  0.4  0.3  0.3  0.2  0.2  0.2  0.2  0.2

 0.8  0.6  0.3  0.2  0.1  0.1  0.2  0.3  0.3  0.4

 0.8  0.5  0.2  0.1  0.1  0.2  0.2  0.4  0.5  0.6

 0.7  0.5  0.2  0.0  0.1  0.2  0.4  0.5  0.6  0.6

 0.8  0.3  0.1  0.0  0.1  0.3  0.5  0.6  0.8  0.8

 0.7  0.3  0.0  0.1  0.2  0.4  0.5  0.7  0.9  1.0

 0.7  0.2  0.0  0.1  0.3  0.4  0.6  0.9  1.1  1.2

 0.7  0.1  0.0  0.2  0.4  0.5  0.7  1.0  1.2  1.4

 0.5  0.0  0.1  0.4  0.6  0.8  0.9  1.1  1.3  1.6
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π/Θ2

 [T
eV

]
tt

m

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0.4

0.5

0.6

0.7

0.8

0.9
1

1.1
1.2

 [T
eV

]
tt

m

2 + m1m

analysis

both qq and gg 

give top pair


max. entangled

only  gg 

gives top pair


max. entangled
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Results

violation: 98% CL  w/ Run II data (139 fb-1)

99.99% CL with Run III

null hypothesis: 
<latexit sha1_base64="0aI08CIzSTIZXN+jpmoLLD7WyHY=">AAAB9HicbVDLSgNBEOyNrxhfUcGLl8EgCELYDYgeQ7x4TMA8IFmW2clsMmRmdzMzGwhLvsOLB0U86lf4Bd68+C1OHgdNLGgoqrrp7vJjzpS27S8rs7a+sbmV3c7t7O7tH+QPjxoqSiShdRLxSLZ8rChnIa1rpjltxZJi4XPa9Ae3U785olKxKLzX45i6AvdCFjCCtZFc4TmXwit1OB0ix8sX7KI9A1olzoIUyie1b/ZW+ah6+c9ONyKJoKEmHCvVduxYuymWmhFOJ7lOomiMyQD3aNvQEAuq3HR29ASdG6WLgkiaCjWaqb8nUiyUGgvfdAqs+2rZm4r/ee1EBzduysI40TQk80VBwpGO0DQB1GWSEs3HhmAimbkVkT6WmGiTU86E4Cy/vEoapaJzVbRrJo0KzJGFUziDC3DgGspwB1WoA4EhPMATPFsj69F6sV7nrRlrMXMMf2C9/wAVS5Sy</latexit>

m1 +m2  1

systematic uncertainties (e.g. from unfolding) not included

<latexit sha1_base64="3ySllg+qRSe/PyJehaG19HFo2GQ=">AAACC3icbVC7SgNBFJ31GeMraiFiMyQIFrLsBiQpgzaWEfKC7BJmJ7PJkNkHM3eFsKS38VdsLBSxtRc7bWz9DCePQhMPDBzOuYc793ix4Aos68NYWl5ZXVvPbGQ3t7Z3dnN7+w0VJZKyOo1EJFseUUzwkNWBg2CtWDISeII1vcHl2G/eMKl4FNZgGDM3IL2Q+5wS0FInl3d8SWhadM6wU+szIKPUifkIOz3QoQBbZqmTK1imNQFeJPaMFCrlr7fDz++jaif37nQjmgQsBCqIUm3bisFNiQROBRtlnUSxmNAB6bG2piEJmHLTyS0jfKKVLvYjqV8IeKL+TqQkUGoYeHoyINBX895Y/M9rJ+CX3ZSHcQIspNNFfiIwRHhcDO5yySiIoSaESq7/immf6HJA15fVJdjzJy+SRtG0z03rWrdxgabIoGOUR6fIRiVUQVeoiuqIolt0jx7Rk3FnPBjPxst0dMmYZQ7QHxivPwnnnig=</latexit>

2⇥

⇡
& 0.7

<latexit sha1_base64="A1sL2T9wvoA4ddCjbCfFUpVF6vE=">AAACDnicbVC7SgNBFJ2NrxhfUcs0gyFgFXYFUbEJ2lhGyAuyIcxOJsmQmd1l5q4Ylv0CG1sb/8HGQhE7sU4jfouNk0eh0QMDh3PO5c49Xii4Btv+tFILi0vLK+nVzNr6xuZWdnunpoNIUValgQhUwyOaCe6zKnAQrBEqRqQnWN0bnI/9+hVTmgd+BYYha0nS83mXUwJGamcLsh2D6xEVQ5JgtwcmKrFdPHFPsSu94DqusFrSzubtoj0B/kucGcmXcnf3H29fo3I7O3I7AY0k84EKonXTsUNoxUQBp4IlGTfSLCR0QHqsaahPJNOteHJOggtG6eBuoMzzAU/UnxMxkVoPpWeSkkBfz3tj8T+vGUH3uBVzP4yA+XS6qBsJDAEed4M7XDEKYmgIoYqbv2LaJ4pQMA1mTAnO/Ml/Se2g6BwW7UvTxhmaIo1yaA/tIwcdoRK6QGVURRTdoAf0hJ6tW+vRerFep9GUNZvZRb9gvX8DfrOg5w==</latexit>

mtt̄ & 0.9 TeV

Hypothesis test 
<latexit sha1_base64="bP8Swn0CZURSJMtb49FwJWKLbCE="></latexit>

�2 =
X

i

(1�mi
1 �mi

2)
2

s2i

bins
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Bell inequalities can be tested with LHC data already acquired


it is an important test never performed at these energies


it consists in straightforward physical analysis of just one observable



in case someone  asks
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<latexit sha1_base64="WkveHXvFgNkmUTRb+097f6L7AN8="></latexit>

| i = 1p
2

 
|+ 1

2
i1 |�

1

2
i2 � |� 1

2
i1|+

1

2
i2

! <latexit sha1_base64="WkveHXvFgNkmUTRb+097f6L7AN8="></latexit>

| i = 1p
2

 
|+ 1

2
i1 |�

1

2
i2 � |� 1

2
i1|+

1

2
i2

!

<latexit sha1_base64="WkveHXvFgNkmUTRb+097f6L7AN8="></latexit>

| i = 1p
2

 
|+ 1

2
i1 |�

1

2
i2 � |� 1

2
i1|+

1

2
i2

!



18

loophole a deterministic theory that predetermines 

the statistics of future spin measurements 

at the moment of the quark-antiquark production  

•

the study of the spin correlation matrix C, 

without the need of any a priori commitment 
about efficiencies of detectors 


advantage



19

at threshold: 
<latexit sha1_base64="6p/k6zG8FdnoPwAsL6PjNFc7pIA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YA2lMl20y7dbNLdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGdzO/9cSU5rF8NJOE+REOJA85RWOl9ph0A1Rk3CuV3Yo7B1klXk7KkKPeK311+zFNIyYNFah1x3MT42eoDKeCTYvdVLME6QgHrGOpxIhpP5vfOyXnVumTMFa2pCFz9fdEhpHWkyiwnRGaoV72ZuJ/Xic14Y2fcZmkhkm6WBSmgpiYzJ4nfa4YNWJiCVLF7a2EDlEhNTaiog3BW355lTSrFe+qUn24LNdu8zgKcApncAEeXEMN7qEODaAg4Ble4c0ZOy/Ou/OxaF1z8pkT+APn8wdV8o+E</latexit>

qq̄ maximally correlated but separable
<latexit sha1_base64="QC/E7kHwBHU2DHPbGHWPibRFzpY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ0SifrniVt05yCrxclKBHI1++as3SFgWc4VMUmO6npuiP6EaBZN8WuplhqeUjWjEu5YqGnPjT+anTsmZVQYkTLQthWSu/p6Y0NiYcRzYzpji0Cx7M/E/r5theO1PhEoz5IotFoWZJJiQ2d9kIDRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJa1a1bus1u4vKvWbPI4inMApnIMHV1CHO2hAExhE8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDmIo2N</latexit>gg anti-corrrelated and entangled

large <latexit sha1_base64="t0aqwxpyE+fvmJQxSbT7RDkYhi8=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJj/s5Ej+kmuC0X6m6NXcOskq8glShQLNf+fIHCctirpBJakzPc1MMcqpRMMmnZT8zPKVsTIe8Z6miMTdBPr95Ss6tMiBRom0pJHP190ROY2MmcWg7Y4ojs+zNxP+8XobRTZALlWbIFVssijJJMCGzAMhAaM5QTiyhTAt7K2EjqilDG1PZhuAtv7xK2vWad1WrP1xWG7dFHCU4hTO4AA+uoQH30IQWMEjhGV7hzcmcF+fd+Vi0rjnFzAn8gfP5A6+hkXY=</latexit>mtt̄ both maximally entangled

s-channel, spin quarks both 1/2

higher angular momentum states

Y. Afik and J. R. M. de Nova, [arXiv:2003.02280 [quant- ph]]. 
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<latexit sha1_base64="AQ+SzX53k2Y5aObwcfdDSgJ3TZc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVm9Ekeh+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukVat6l9Xa/UWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/ADoqjug=</latexit>

r̂

<latexit sha1_base64="TVXgA4c5lB+a41EIEz2YUK2azRQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3GOM+w==</latexit>p<latexit sha1_base64="TVXgA4c5lB+a41EIEz2YUK2azRQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3GOM+w==</latexit>p

<latexit sha1_base64="FrkYTctCG17EtoRcItuK3Ongn4Y=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVm9EkYz75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVZr9xeV+k0eRxFO4BTOwYMrqMMdNKAJDB7hGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AS+OjuE=</latexit>

k̂

<latexit sha1_base64="pBDfEBUxFe8Cfd7G5GTO5aHfrXg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reZbXWvKjUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4nOM/w==</latexit>

t

<latexit sha1_base64="9Z8igABDVRowDnWVq2yLinGSziU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVi+gmmC/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/MPaO4g==</latexit>

t̄

<latexit sha1_base64="q9R5TXIHy8mlSG0oh10CmBtrba8=">AAAB8nicbVBNS8NAEN34WetX1aOXxSIIQkmKqMeiF48V7AcksWy2m3bpZjfsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcgOt+Oyura+sbm6Wt8vbO7t5+5eCwbVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj26nfeWLacCUfYJyyMCEDyWNOCVjJD4YEcMCEeDzvVapuzZ0BLxOvIFVUoNmrfAV9RbOESaCCGON7bgphTjRwKtikHGSGpYSOyID5lkqSMBPms5Mn+NQqfRwrbUsCnqm/J3KSGDNOItuZEBiaRW8q/uf5GcTXYc5lmgGTdL4ozgQGhaf/4z7XjIIYW0Ko5vZWTIdEEwo2pbINwVt8eZm06zXvsla/v6g2boo4SugYnaAz5KEr1EB3qIlaiCKFntErenPAeXHenY9564pTzByhP3A+fwCQSJDK</latexit>

ˆ̀+

<latexit sha1_base64="r0ZuHH2JPzF/F/4XqcAyG+0UDFs=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4sSRF1GPRi8cK9gOSWDbbTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLR7dTvPDFtuJIPME5ZmJCB5DGnBKzkB0MCOGBCPJ73KlW35s6Al4lXkCoq0OxVvoK+olnCJFBBjPE9N4UwJxo4FWxSDjLDUkJHZMB8SyVJmAnz2ckTfGqVPo6VtiUBz9TfEzlJjBknke1MCAzNojcV//P8DOLrMOcyzYBJOl8UZwKDwtP/cZ9rRkGMLSFUc3srpkOiCQWbUtmG4C2+vEza9Zp3WavfX1QbN0UcJXSMTtAZ8tAVaqA71EQtRJFCz+gVvTngvDjvzse8dcUpZo7QHzifP5NQkMw=</latexit>

ˆ̀�

in the anti-top rest frame

in the top pair CM frame

in the top rest frame

<latexit sha1_base64="/zFpsw9FyjnSSHnnPJgqCCK3Fb0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVm9Ekah+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukVat6l9Xa/UWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/ADQajuQ=</latexit>

n̂


