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QI theory provides a set of tools designed to probe the inner behavior of QM. While these phenomena 
have been widely tested at low energies, their study at higher energy scales is still largely unexplored

Entanglement and Bell Inequalities with 
Boosted Top Quarks
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Top quark pair production is an optimal candidate for these studies

Entanglement and Bell Inequalities with 
Boosted Top Quarks

LHC can provide a unique environment to study entanglement and violation of Bell’s 
inequalities at the highest energy available to date
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Top quark as a one qubit system 

As a spin-1/2 particle, the most general spin density matrix for the top quark is

<latexit sha1_base64="IhZcJJrhsh/9Rvipu9N1c0XpqKA="></latexit>

⇢ = I+Bi�i
2

<latexit sha1_base64="kT31h6nRBhkmC06RDwzC+Ga7EYY=">AAACFHicbVDLSsNAFJ34rPUVdekmtAiVQkkEH5tCqBuXFewDmhAm00k7dDIJMxMhhH6EIP6KGxeKuHXhrn/jNC2orQcunDnnXube48eUCGmaE21ldW19Y7OwVdze2d3b1w8O2yJKOMItFNGId30oMCUMtySRFHdjjmHoU9zxR9dTv3OPuSARu5NpjN0QDhgJCIJSSZ5ebXik7lDIBhQ7ggxC6BGH58+65JUfaRidenrZrJk5jGVizUnZLjnVx4mdNj39y+lHKAkxk4hCIXqWGUs3g1wSRPG46CQCxxCN4AD3FGUwxMLN8qPGxolS+kYQcVVMGrn6eyKDoRBp6KvOEMqhWPSm4n9eL5HBlZsRFicSMzT7KEioISNjmpDRJxwjSVNFIOJE7WqgIeQQSZVjUYVgLZ68TNpnNeuidn5rle0GmKEAjkEJVIAFLoENbkATtAACD+AZvII37Ul70d61j1nrijafOQJ/oH1+Ax9hod0=</latexit>

Bi = h�ii = tr(�i⇢)Characterized by three parameters:

However, the top quark decays. In general, spin information could be lost by 
hadronization or spin decorrelation effects
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Decays before it hadronizes or its spin flips

Spin analyzing power: maximum for charged leptons

Top polarization directly observable via angular distributions of its decay products

<latexit sha1_base64="yp/cWbt5XObf2sGm6fzmEeav4Vs="></latexit>
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Top Quark is Unique

Bottom quark is several orders of magnitude behind

Decay product f

Top quark spin
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⌧top ⇡ 5⇥ 10�25s

<latexit sha1_base64="p2ozfQyXMiMJ3220vATQtTm70yY=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEQpVUvMYKFsYi0YfUhshxndaq41i2g6iiDCz8CgsDCLHyEWz8DW6bAVqOdKWjc+7VvfcEglGlHefbKiwtr6yuFddLG5tb2zv27l5LxYnEpIljFstOgBRhlJOmppqRjpAERQEj7WB0NfHb90QqGvNbPRbEi9CA05BipI3k2+WeRomfBlkPCSHjBwhd5y49dmsZVL5dcarOFHCRuDmpgBwN3/7q9WOcRIRrzJBSXdcR2kuR1BQzkpV6iSIC4REakK6hHEVEeen0iQweGqUPw1ia4hpO1d8TKYqUGkeB6YyQHqp5byL+53UTHV54KeUi0YTj2aIwYVDHcJII7FNJsGZjQxCW1NwK8RBJhLXJrWRCcOdfXiStWtU9q57enFTql3kcRVAGB+AIuOAc1ME1aIAmwOARPINX8GY9WS/Wu/Uxay1Y+cw++APr8wdB3pcy</latexit>

⌧b ⇡ 10�12s

<latexit sha1_base64="fKtTT7rxbqb6XKZHux1XtRWTdvU=">AAACF3icbVC7SgNBFJ2NrxhfUUubwSDYGHdDfJTBWFhYJGAekI3L3dlJMmT2wcysEJb9Cxt/xcZCEVvt/Bsnj0ITDwwczrmHO/e4EWdSmea3kVlaXlldy67nNja3tnfyu3tNGcaC0AYJeSjaLkjKWUAbiilO25Gg4Lucttxhdey3HqiQLAzu1CiiXR/6AesxAkpLTr5oK4idZABeakvmY+vUvtVpD5ykXr1O8VQ075OTUjnF0skXzKI5AV4k1owU0Aw1J/9leyGJfRoowkHKjmVGqpuAUIxwmubsWNIIyBD6tKNpAD6V3WRyV4qPtOLhXij0CxSeqL8TCfhSjnxXT/qgBnLeG4v/eZ1Y9S67CQuiWNGATBf1Yo5ViMclYY8JShQfaQJEMP1XTAYggChdZU6XYM2fvEiapaJ1XjyrlwuVq1kdWXSADtExstAFqqAbVEMNRNAjekav6M14Ml6Md+NjOpoxZpl99AfG5w+7JJ5e</latexit>

⌧had ⇠ 1/⇤QCD ⇠ 10�24s
<latexit sha1_base64="PwQOb7MAt/OPzHJHVezDhi835S0=">AAACHHicbVC7TsMwFHV4U14FRhaLComFkpTnWFEGBgaQ6ENqQuS4TmthJ5F9g1RF+RAWfoWFAYRYGJD4G9ySgdeRrnR0zr32vSdIBNdg2x/WxOTU9Mzs3HxpYXFpeaW8utbScaooa9JYxKoTEM0Ej1gTOAjWSRQjMhCsHdw0Rn77linN4+gKhgnzJOlHPOSUgJH88p4LJPWzUPAkdzWXWPqw656bB3rEzy4bp/l1DY8Nx77OdmpOjrVfrthVewz8lzgFqaACF375ze3FNJUsAiqI1l3HTsDLiAJOBctLbqpZQugN6bOuoRGRTHvZ+Lgcbxmlh8NYmYoAj9XvExmRWg9lYDolgYH+7Y3E/7xuCuGxl/EoSYFF9OujMBUYYjxKCve4YhTE0BBCFTe7YjogilAweZZMCM7vk/+SVq3qHFYPLvcr9ZMijjm0gTbRNnLQEaqjM3SBmoiiO/SAntCzdW89Wi/W61frhFXMrKMfsN4/AQwuoKo=</latexit>

⌧flip ⇠ mt/⇤
2
QCD ⇠ 10�21s
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Top quark pair production as a two qubit system 

The most general two-qubit system can be represented by 

Characterized by 15 parameters parameters:

<latexit sha1_base64="UKdBUCvfJ2jowu0Yc61qmJp9K6o="></latexit>

⇢ =
I⌦I+(Bi�i⌦I+B̄iI⌦�i)+Cij�i⌦�j

4

<latexit sha1_base64="d4OjOJNFhBHXpqirH46Dewp8hcs=">AAACCXicbVC7TsMwFHXKq5RXgJHFokFiQFVSicdYtQtjkehDaqPIcZzW4DiR7SBVUVcWfoWFAYRY+QM2/gY3zQAtR7rS8Tn3yvceP2FUKtv+Nkorq2vrG+XNytb2zu6euX/QlXEqMOngmMWi7yNJGOWko6hipJ8IgiKfkZ5/35r5vQciJI35rZokxI3QiNOQYqS05JnQanrUOoPW0Ecia07zB+IBtFpeRu+mlmdW7ZqdAy4TpyBVUKDtmV/DIMZpRLjCDEk5cOxEuRkSimJGppVhKkmC8D0akYGmHEVEull+yRSeaCWAYSx0cQVz9fdEhiIpJ5GvOyOkxnLRm4n/eYNUhVduRnmSKsLx/KMwZVDFcBYLDKggWLGJJggLqneFeIwEwkqHV9EhOIsnL5NuveZc1M5v6tVGs4ijDI7AMTgFDrgEDXAN2qADMHgEz+AVvBlPxovxbnzMW0tGMXMI/sD4/AGUPJfA</latexit>

Bi, B̄i, and Cij
<latexit sha1_base64="hLuzuX10Cg4AtlXKQffqS02tOMs=">AAACF3icbVDLSsNAFJ3UV62vqEs3g63gqiQFHxuh1I3uKtgHNCFMppN26GQSZiZCCf0LN/6KGxeKuNWdf+MkzUJbD1w4nHMv997jx4xKZVnfRmlldW19o7xZ2dre2d0z9w+6MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMn15nfeyBC0ojfq2lM3BCNOA0oRkpLnlmvtTx65TDER4w4ko5C5FEnUjQkEjohUmPfT29njsgbap5ZtepWDrhM7IJUQYG2Z345wwgnIeEKMyTlwLZi5aZIKIoZmVWcRJIY4QkakYGmHOm9bpr/NYMnWhnCIBK6uIK5+nsiRaGU09DXndmlctHLxP+8QaKCSzelPE4U4Xi+KEgYVBHMQoJDKghWbKoJwoLqWyEeI4Gw0lFWdAj24svLpNuo2+f1s7tGtdkq4iiDI3AMToENLkAT3IA26AAMHsEzeAVvxpPxYrwbH/PWklHMHII/MD5/AD1in/8=</latexit>

Bi = h�i ⌦ Ii
<latexit sha1_base64="RVi+FZX9kqXIZhNQ1Hnako9KVjI=">AAACHXicbVDLSsNAFJ34rPVVdelmsBVclaT42gilbnRXwT6gCeFmOm2HTiZhZiKU0B9x46+4caGICzfi3zhts9DWAxcO59zLvfcEMWdK2/a3tbS8srq2ntvIb25t7+wW9vabKkokoQ0S8Ui2A1CUM0EbmmlO27GkEAactoLh9cRvPVCpWCTu9SimXgh9wXqMgDaSXzgtuQHItDb22ZXLQfQ5xW4IehAE6e3YjTQLqXIV64fgM1dOG0p+oWiX7SnwInEyUkQZ6n7h0+1GJAmp0ISDUh3HjrWXgtSMcDrOu4miMZAh9GnHUAFmqZdOvxvjY6N0cS+SpoTGU/X3RAqhUqMwMJ2Tw9W8NxH/8zqJ7l16KRNxoqkgs0W9hGMd4UlUuMskJZqPDAEimbkVkwFIINoEmjchOPMvL5Jmpeycl8/uKsVqLYsjhw7RETpBDrpAVXSD6qiBCHpEz+gVvVlP1ov1bn3MWpesbOYA/YH19QNqKaLE</latexit>

B̄i = hI⌦ �ii
<latexit sha1_base64="qhzQqj/HVL1c6XYN9xck4TF+7dk=">AAACGHicbVC7TsMwFHXKq5RXgJHFokViKkklHgtSRRfGItGH1ESR4zqtW8eJbAepivoZLPwKCwMIsXbjb3DTDNByJEvnnnOvru/xY0alsqxvo7C2vrG5Vdwu7ezu7R+Yh0dtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fjjxtzvPBEhacQf1SQmbogGnAYUI6Ulz7yoNLyUjqa3DkN8wAh0JB2EyKNOpGhIZF6OHJHZFc8sW1UrA1wldk7KIEfTM2dOP8JJSLjCDEnZs61YuSkSimJGpiUnkSRGeIwGpKcpR3qpm2aHTeGZVvowiIR+XMFM/T2RolDKSejrzhCpoVz25uJ/Xi9RwY2bUh4ninC8WBQkDKoIzlOCfSoIVmyiCcKC6r9CPEQCYaWzLOkQ7OWTV0m7VrWvqpcPtXL9Lo+jCE7AKTgHNrgGdXAPmqAFMHgGr+AdfBgvxpvxaXwtWgtGPnMM/sCY/QBP7KCX</latexit>

Cij = h�i ⌦ �ji

Polarizations

Spin correlations

<latexit sha1_base64="26Xzs8j9H77rhqNKcdiWcFm0qxE="></latexit>

P and CP invariance under tt̄ production ! Bi = B̄i = 0 and Cij = Cji

<latexit sha1_base64="1giOLb92qpg2fJxhatg6n2TRJuA="></latexit>

Things further simplify in the helicity basis: only non-vanishing parameters are
the diagonal terms Cii and one o↵-diagonal term C12 ' C21

Bernreuther, Heisler, Si ’15 
Frederix, Tsinikos, Vitos ’21 



Dorival Gonçalves      TRIUMF - 09.19.2024Dorival Gonçalves

Parke, Mahlon ’95

We are probing the spin correlations of top and anti-top since the Tevatron era and 
continue to study them at the LHC in different forms: relevant precision observable

Top quark pair production as a two qubit system 

Precision BSM

Top
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We are probing the spin correlations of top and anti-top since the Tevatron era and 
continue to study them at the LHC in different forms: relevant precision observable

Top quark pair production as a two qubit system 

Spin 
correlations

Entanglement Bell’s inequalities

Parke, Mahlon ’95

<latexit sha1_base64="UKdBUCvfJ2jowu0Yc61qmJp9K6o="></latexit>

⇢ =
I⌦I+(Bi�i⌦I+B̄iI⌦�i)+Cij�i⌦�j

4
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Quantum Entanglement

<latexit sha1_base64="pZHHBHLm6+mn88ANwHbFKQOwGKg="></latexit>

A quantum state of two subsystems A and B is separable when its density
matrix ⇢ can be expressed as a convex sum

<latexit sha1_base64="+RDQhEMWiE6DfnBBlvIdMjxfxBI=">AAACEXicbVC7TsMwFHXKq5RXgJHFoqrUqUqQeCxIpSyMRaIPqWkjx3Vaq3Yc2Q5SVfUXWJj5CxYGEGJlYwE+hB2n7QCFI1k695x7dX1PEDOqtON8WpmFxaXllexqbm19Y3PL3t6pK5FITGpYMCGbAVKE0YjUNNWMNGNJEA8YaQSD89RvXBOpqIiu9DAmbY56EQ0pRtpIvl30ZF+ceirhPoWxT9PSP+tQ6AlNOVFwIlQ61LfzTsmZAP4l7ozky4Wvj/e7XK/q229eV+CEk0hjhpRquU6s2yMkNcWMjHNeokiM8AD1SMvQCJlt7dHkojEsGKULQyHNizScqD8nRogrNeSB6eRI99W8l4r/ea1EhyftEY3iRJMITxeFCYNawDQe2KWSYM2GhiAsqfkrxH0kEdYmxJwJwZ0/+S+pH5Tco9LhpZsvV8AUWbAH9kERuOAYlMEFqIIawOAG3INH8GTdWg/Ws/Uybc1Ys5ld8AvW6zetOKFS</latexit>

⇢ =
P

i pi⇢
i
A ⌦ ⇢iB

If the state is not separable, it is named entangled

Measurement in one subsystem immediately affect the other, even if they are causally disconnected
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Quantum Entanglement

<latexit sha1_base64="pZHHBHLm6+mn88ANwHbFKQOwGKg="></latexit>

A quantum state of two subsystems A and B is separable when its density
matrix ⇢ can be expressed as a convex sum

<latexit sha1_base64="+RDQhEMWiE6DfnBBlvIdMjxfxBI=">AAACEXicbVC7TsMwFHXKq5RXgJHFoqrUqUqQeCxIpSyMRaIPqWkjx3Vaq3Yc2Q5SVfUXWJj5CxYGEGJlYwE+hB2n7QCFI1k695x7dX1PEDOqtON8WpmFxaXllexqbm19Y3PL3t6pK5FITGpYMCGbAVKE0YjUNNWMNGNJEA8YaQSD89RvXBOpqIiu9DAmbY56EQ0pRtpIvl30ZF+ceirhPoWxT9PSP+tQ6AlNOVFwIlQ61LfzTsmZAP4l7ozky4Wvj/e7XK/q229eV+CEk0hjhpRquU6s2yMkNcWMjHNeokiM8AD1SMvQCJlt7dHkojEsGKULQyHNizScqD8nRogrNeSB6eRI99W8l4r/ea1EhyftEY3iRJMITxeFCYNawDQe2KWSYM2GhiAsqfkrxH0kEdYmxJwJwZ0/+S+pH5Tco9LhpZsvV8AUWbAH9kERuOAYlMEFqIIawOAG3INH8GTdWg/Ws/Uybc1Ys5ld8AvW6zetOKFS</latexit>

⇢ =
P

i pi⇢
i
A ⌦ ⇢iB

If the state is not separable, it is named entangled

The Peres-Horodecki criterion provides a necessary and sufficient condition for 
entanglement in two-qubit systems:

<latexit sha1_base64="tUhZYwrXJPAhYq9e1TlPOPjGr4Q="></latexit>

⇢T2 =
P

i pi⇢
i
A ⌦ (⇢iB)

T

Take the transpose of indices associated only to Bob (or Alice)

<latexit sha1_base64="eijxAWk6MFu9zziCizCTyM5aOyA="></latexit>

If ⇢T2 displays at least one negative eigenvalue, the system is entangled

<latexit sha1_base64="ZwPfHubRSGxLvyDIJrQVlNcRX7Y="></latexit>

For a separable system, ⇢T2 results in a non-negative operator

Peres ’96; Horodecki ’97 
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Quantum Entanglement

<latexit sha1_base64="9OgOuf2SoFkqWI1B3cIrFV47swo=">AAACBnicbVDLSsNAFJ3UV62vqEsRgq0gSEtS8LGSYjcuK9gHtCFMppN2yGQSZiZCSbNy46+4caGIW7/BnX/jpM1CqweGezjnXu7c40aUCGmaX1phaXllda24XtrY3Nre0Xf3OiKMOcJtFNKQ91woMCUMtyWRFPcijmHgUtx1/Wbmd+8xFyRkd3ISYTuAI0Y8gqBUkqMfVqZNJ/H99FQVztNpVVXG0qp1ZVZKjl42a+YMxl9i5aQMcrQc/XMwDFEcYCYRhUL0LTOSdgK5JIjitDSIBY4g8uEI9xVlMMDCTmZnpMaxUoaGF3L1mDRm6s+JBAZCTAJXdQZQjsWil4n/ef1Yepd2QlgUS8zQfJEXU0OGRpaJMSQcI0knikDEifqrgcaQQyRVclkI1uLJf0mnXrPOa2e39XLjOo+jCA7AETgBFrgADXADWqANEHgAT+AFvGqP2rP2pr3PWwtaPrMPfkH7+AYw0Jen</latexit>

|Ckk + Crr|� Cnn � 1 > 0

<latexit sha1_base64="mywisUv7p6y2J8xpM2ZlHq6eN18=">AAACBnicbVDLSsNAFJ3UV62vqEsRgq0gSEtS8LGSYjcuK9gHtCFMppN2yGQSZiZCSbNy46+4caGIW7/BnX/jpM1CqweGezjnXu7c40aUCGmaX1phaXllda24XtrY3Nre0Xf3OiKMOcJtFNKQ91woMCUMtyWRFPcijmHgUtx1/Wbmd+8xFyRkd3ISYTuAI0Y8gqBUkqMfVqZNJ/H9tKoK5+n0VFXG0qp1ZVZKjl42a+YMxl9i5aQMcrQc/XMwDFEcYCYRhUL0LTOSdgK5JIjitDSIBY4g8uEI9xVlMMDCTmZnpMaxUoaGF3L1mDRm6s+JBAZCTAJXdQZQjsWil4n/ef1Yepd2QlgUS8zQfJEXU0OGRpaJMSQcI0knikDEifqrgcaQQyRVclkI1uLJf0mnXrPOa2e39XLjOo+jCA7AETgBFrgADXADWqANEHgAT+AFvGqP2rP2pr3PWwtaPrMPfkH7+AYw4Jen</latexit>

|Ckk � Crr|+ Cnn � 1 > 0 Afik, Nova ’20
Severi, Boschi, Maltoni, Sioli ‘21
Saavedra, Casas ‘22

<latexit sha1_base64="+fj7p37n7Xt+RuY9QHEEhhbSMBQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrskPo5ELx4xyiOBDZkdZmHC7OxmpteEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c781hPXRsTqEccJ9yM6UCIUjKKVHspY7hVLbsWdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn81Ck5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/9iVBJilyxxaIwlQRjMvub9IXmDOXYEsq0sLcSNqSaMrTpFGwI3vLLq6RZrXiXlYv7aql2k8WRhxM4hXPw4ApqcAd1aACDATzDK7w50nlx3p2PRWvOyWaO4Q+czx+afo1c</latexit>

t

<latexit sha1_base64="Fh+51MGzoIVz5M0dFQ1zY1ywqSA=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4IrskPo5ELx4xkYeBDZkdBpgws7uZ6TUhG77CiweN8ernePNvHGAPClbSSaWqO91dQSyFQdf9dnJr6xubW/ntws7u3v5B8fCoaaJEM95gkYx0O6CGSxHyBgqUvB1rTlUgeSsY38781hPXRkThA05i7is6DMVAMIpWeix3A6pTnJZ7xZJbcecgq8TLSAky1HvFr24/YoniITJJjel4box+SjUKJvm00E0Mjykb0yHvWBpSxY2fzg+ekjOr9Mkg0rZCJHP190RKlTETFdhORXFklr2Z+J/XSXBw7acijBPkIVssGiSSYERm35O+0JyhnFhCmRb2VsJGVFOGNqOCDcFbfnmVNKsV77JycV8t1W6yOPJwAqdwDh5cQQ3uoA4NYKDgGV7hzdHOi/PufCxac042cwx/4Hz+AFuykCE=</latexit>

t̄

Beam axis

<latexit sha1_base64="K4VLf4yVb13ATusNt9112evWt0Q=">AAAB73icbVDLTgJBEJzFF+IL9ehlIph4IrskPo5ELx4xkUcCGzI79MKE2dl1pteEEH7CiweN8ervePNvHGAPClbSSaWqO91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoaeJUc2jwWMa6HTADUihooEAJ7UQDiwIJrWB0O/NbT6CNiNUDjhPwIzZQIhScoZXa5S4OAVm5Vyy5FXcOukq8jJRIhnqv+NXtxzyNQCGXzJiO5yboT5hGwSVMC93UQML4iA2gY6liERh/Mr93Ss+s0qdhrG0ppHP198SERcaMo8B2RgyHZtmbif95nRTDa38iVJIiKL5YFKaSYkxnz9O+0MBRji1hXAt7K+VDphlHG1HBhuAtv7xKmtWKd1m5uK+WajdZHHlyQk7JOfHIFamRO1InDcKJJM/klbw5j86L8+58LFpzTjZzTP7A+fwBYRKPjA==</latexit>

✓

<latexit sha1_base64="ct3zsc/NeQnCKBd4UW7EaFf15xw=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4IrskPo5ELx4xkYeBDZkdBpgws7uZ6TUhG77CiweN8ernePNvHGAPClbSSaWqO91dQSyFQdf9dnJr6xubW/ntws7u3v5B8fCoaaJEM95gkYx0O6CGSxHyBgqUvB1rTlUgeSsY38781hPXRkThA05i7is6DMVAMIpWeix3RxTT8bTcK5bcijsHWSVeRkqQod4rfnX7EUsUD5FJakzHc2P0U6pRMMmnhW5ieEzZmA55x9KQKm78dH7wlJxZpU8GkbYVIpmrvydSqoyZqMB2Koojs+zNxP+8ToKDaz8VYZwgD9li0SCRBCMy+570heYM5cQSyrSwtxI2opoytBkVbAje8surpFmteJeVi/tqqXaTxZGHEziFc/DgCmpwB3VoAAMFz/AKb452Xpx352PRmnOymWP4A+fzB1pIkCA=</latexit>

k̂
<latexit sha1_base64="4F7P0p4BW22PkCFfOrWvqZPTaEw=">AAAB8HicbVDLTgJBEOzFF+IL9ehlI5h4IrskPo5ELx4xkYeBDZkdBpgwM7uZ6TUhG77CiweN8ernePNvHGAPClbSSaWqO91dYSy4Qc/7dnJr6xubW/ntws7u3v5B8fCoaaJEU9agkYh0OySGCa5YAzkK1o41IzIUrBWOb2d+64lpwyP1gJOYBZIMFR9wStBKj+XuiGAaT8u9YsmreHO4q8TPSAky1HvFr24/oolkCqkgxnR8L8YgJRo5FWxa6CaGxYSOyZB1LFVEMhOk84On7plV+u4g0rYUunP190RKpDETGdpOSXBklr2Z+J/XSXBwHaRcxQkyRReLBolwMXJn37t9rhlFMbGEUM3trS4dEU0o2owKNgR/+eVV0qxW/MvKxX21VLvJ4sjDCZzCOfhwBTW4gzo0gIKEZ3iFN0c7L86787FozTnZzDH8gfP5A2HmkCU=</latexit>

p̂

<latexit sha1_base64="l3n2TKz9+69KU0zNISRRp7BvtDY=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4IrskPo5ELx4xkYeBDZkdBpgwO7uZ6TUhG77CiweN8ernePNvHGAPClbSSaWqO91dQSyFQdf9dnJr6xubW/ntws7u3v5B8fCoaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY38781hPXRkTqAScx90M6VGIgGEUrPZa7I4qpmpZ7xZJbcecgq8TLSAky1HvFr24/YknIFTJJjel4box+SjUKJvm00E0Mjykb0yHvWKpoyI2fzg+ekjOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eJ8HBtZ8KFSfIFVssGiSSYERm35O+0JyhnFhCmRb2VsJGVFOGNqOCDcFbfnmVNKsV77JycV8t1W6yOPJwAqdwDh5cQQ3uoA4NYBDCM7zCm6OdF+fd+Vi05pxs5hj+wPn8AV7akCM=</latexit>

n̂
X

<latexit sha1_base64="5E0xa035/jj1pnOd2aJAXImwggk=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4IrskPo5ELx4xkYeBDZkdBpgws7uZ6TUhG77CiweN8ernePNvHGAPClbSSaWqO91dQSyFQdf9dnJr6xubW/ntws7u3v5B8fCoaaJEM95gkYx0O6CGSxHyBgqUvB1rTlUgeSsY38781hPXRkThA05i7is6DMVAMIpWeix3RxRTPS33iiW34s5BVomXkRJkqPeKX91+xBLFQ2SSGtPx3Bj9lGoUTPJpoZsYHlM2pkPesTSkihs/nR88JWdW6ZNBpG2FSObq74mUKmMmKrCdiuLILHsz8T+vk+Dg2k9FGCfIQ7ZYNEgkwYjMvid9oTlDObGEMi3srYSNqKYMbUYFG4K3/PIqaVYr3mXl4r5aqt1kceThBE7hHDy4ghrcQR0awEDBM7zCm6OdF+fd+Vi05pxs5hj+wPn8AWTykCc=</latexit>

r̂

Helicity basis
<latexit sha1_base64="JoZFqtWCVgQqFCSk9a+/P06IQxw=">AAACB3icbVDLSgMxFL1TX7W+qi4FCbaCqzJT8LERim5cVrAPaIeSSTNtmExmTDJCGbpz46+4caGIW3/BnX9j2s5CWw8EDufcy805XsyZ0rb9beWWlldW1/LrhY3Nre2d4u5eU0WJJLRBIh7JtocV5UzQhmaa03YsKQ49TltecD3xWw9UKhaJOz2KqRvigWA+I1gbqVc8LHeHWKfB+LKMdBSj+wTLAPWZpGQ2ULIr9hRokTgZKUGGeq/41e1HJAmp0IRjpTqOHWs3xVIzwum40E0UjTEJ8IB2DBU4pMpNpznG6NgofeRH0jyh0VT9vZHiUKlR6JnJEOuhmvcm4n9eJ9H+hZsyESeaCjI75CfcJEaTUrK8fGQIJpKZvyIyxBITbaormBKc+ciLpFmtOGeV09tqqXaV1ZGHAziCE3DgHGpwA3VoAIFHeIZXeLOerBfr3fqYjeasbGcf/sD6/AFLHpj4</latexit>

k̂ = top quark direction

Entanglement conditions:
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Quantum Entanglement

<latexit sha1_base64="9OgOuf2SoFkqWI1B3cIrFV47swo=">AAACBnicbVDLSsNAFJ3UV62vqEsRgq0gSEtS8LGSYjcuK9gHtCFMppN2yGQSZiZCSbNy46+4caGIW7/BnX/jpM1CqweGezjnXu7c40aUCGmaX1phaXllda24XtrY3Nre0Xf3OiKMOcJtFNKQ91woMCUMtyWRFPcijmHgUtx1/Wbmd+8xFyRkd3ISYTuAI0Y8gqBUkqMfVqZNJ/H99FQVztNpVVXG0qp1ZVZKjl42a+YMxl9i5aQMcrQc/XMwDFEcYCYRhUL0LTOSdgK5JIjitDSIBY4g8uEI9xVlMMDCTmZnpMaxUoaGF3L1mDRm6s+JBAZCTAJXdQZQjsWil4n/ef1Yepd2QlgUS8zQfJEXU0OGRpaJMSQcI0knikDEifqrgcaQQyRVclkI1uLJf0mnXrPOa2e39XLjOo+jCA7AETgBFrgADXADWqANEHgAT+AFvGqP2rP2pr3PWwtaPrMPfkH7+AYw0Jen</latexit>

|Ckk + Crr|� Cnn � 1 > 0

<latexit sha1_base64="mywisUv7p6y2J8xpM2ZlHq6eN18=">AAACBnicbVDLSsNAFJ3UV62vqEsRgq0gSEtS8LGSYjcuK9gHtCFMppN2yGQSZiZCSbNy46+4caGIW7/BnX/jpM1CqweGezjnXu7c40aUCGmaX1phaXllda24XtrY3Nre0Xf3OiKMOcJtFNKQ91woMCUMtyWRFPcijmHgUtx1/Wbmd+8xFyRkd3ISYTuAI0Y8gqBUkqMfVqZNJ/H9tKoK5+n0VFXG0qp1ZVZKjl42a+YMxl9i5aQMcrQc/XMwDFEcYCYRhUL0LTOSdgK5JIjitDSIBY4g8uEI9xVlMMDCTmZnpMaxUoaGF3L1mDRm6s+JBAZCTAJXdQZQjsWil4n/ef1Yepd2QlgUS8zQfJEXU0OGRpaJMSQcI0knikDEifqrgcaQQyRVclkI1uLJf0mnXrPOa2e39XLjOo+jCA7AETgBFrgADXADWqANEHgAT+AFvGqP2rP2pr3PWwtaPrMPfkH7+AYw4Jen</latexit>

|Ckk � Crr|+ Cnn � 1 > 0

Dong, DG, Kong, Navarro ‘23

Entanglement conditions:
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Quantum Entanglement

Top pair displays entanglement in two disconnected regimes:
threshold and boosted regions

Dong, DG, Kong, Navarro ’23
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Bell’s Inequalities
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Bell’s Inequalities

Violation of Bell-type inequalities demonstrates that there is no hidden variable theory 
capable of encoding the generated entanglement. QM cannot be explained by classical laws

Bell’s inequality can be distilled in a simpler form: CHSH inequality
Clauser, Horne, Shimony, Holt ’69 

<latexit sha1_base64="fMhRpMSX/9GCnMs34CB/DQcAlOo="></latexit>

|hA1B1i+ hA2B1i+ hA1B2i � hA2B2i|  2

Observer A Observer B
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Bell’s Inequalities

Bell/CHSH inequalities: Afik, Nova ’20
Severi, Boschi, Maltoni, Sioli ‘21
Saavedra, Casas ‘22

Bell/CHSH violation studies well match boosted top pair searches
Dong, DG, Kong, Navarro ‘23

     TRIUMF - 09.19.2024
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Analysis

High event rate: ~6 times higher than dileptonic case
Easier reconstruction
Boosted top tagging aid subject and light quark matching
Proxy for down-quark: optimal hadronic polarimeter

Semi-leptonic top pair

HEPTopTagger
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Hadronic top quark polarimetry

In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify a spin analyzer

<latexit sha1_base64="yp/cWbt5XObf2sGm6fzmEeav4Vs="></latexit>

1

�f

d�f

d cos ✓f
=

1

2
(1 + !f cos ✓f )1.0

Top quark spin

<latexit sha1_base64="oOcUSgSvOxX36Qfmy5MJdeq1G+s=">AAAB73icbZDJSgNBEIZ74hYTl6hHL4NR8BRmBJdj0IvHCGaBZAg9nZqkSU/P2F0TCENewosHRbz6Ar6Ab+DNB9GzneWgiT80fPx/FV1Vfiy4Rsf5tDJLyyura9n1XH5jc2u7sLNb01GiGFRZJCLV8KkGwSVUkaOARqyAhr6Aut+/Guf1ASjNI3mLwxi8kHYlDzijaKxGC3uAtB20C0Wn5ExkL4I7g2L58OvtfZD/rrQLH61OxJIQJDJBtW66ToxeShVyJmCUayUaYsr6tAtNg5KGoL10Mu/IPjJOxw4iZZ5Ee+L+7khpqPUw9E1lSLGn57Ox+V/WTDC48FIu4wRBsulHQSJsjOzx8naHK2AohgYoU9zMarMeVZShOVHOHMGdX3kRaicl96x0euMWy5dkqizZJwfkmLjknJTJNamQKmFEkHvySJ6sO+vBerZepqUZa9azR/7Iev0B4xuUUQ==</latexit>

✓f
t

<latexit sha1_base64="n+vb3LjmCe2soSaWyIn3X5VZ3c4=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0UQhJDUpG12RTcuK9gHtLFMppN27GQSZiZCCf0HNy4Ucev/uPNvnD4EFT1w4XDOvdx7T5AwKpVlfRi5ldW19Y38ZmFre2d3r7h/0JJxKjBp4pjFohMgSRjlpKmoYqSTCIKigJF2ML6c+e17IiSN+Y2aJMSP0JDTkGKktNTqEcZuz/rFkmVarudUy9AyXcv2nHNNPK/mVFxom9YcJbBEo1987w1inEaEK8yQlF3bSpSfIaEoZmRa6KWSJAiP0ZB0NeUoItLP5tdO4YlWBjCMhS6u4Fz9PpGhSMpJFOjOCKmR/O3NxL+8bqrCmp9RnqSKcLxYFKYMqhjOXocDKghWbKIJwoLqWyEeIYGw0gEVdAhfn8L/Sats2hXTvXZK9YtlHHlwBI7BKbBBFdTBFWiAJsDgDjyAJ/BsxMaj8WK8LlpzxnLmEPyA8fYJr4iPPA==</latexit>

`+
<latexit sha1_base64="DtsqHE6OLMmzeOPzN2Pys2DgYv8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxGE5Nb0IvHiOYByRJmJ7PJkNnZZWZWCEs+wYsHRbz6Rd78GycPQUULGoqqbrq7/FhwbTD+cDIrq2vrG9nN3Nb2zu5efv+gpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fDXz2/dMaR7JOzOJmReSoeQBp8RY6bYnk36+gIu4Uq7hGsLFMnarc4JxpVo6Q64lMxRgiUY//94bRDQJmTRUEK27Lo6NlxJlOBVsmuslmsWEjsmQdS2VJGTaS+enTtGJVQYoiJQtadBc/T6RklDrSejbzpCYkf7tzcS/vG5igqqXchknhkm6WBQkApkIzf5GA64YNWJiCaGK21sRHRFFqLHp5GwIX5+i/0mrVHQrxfLNeaF+uYwjC0dwDKfgwgXU4Roa0AQKQ3iAJ3h2hPPovDivi9aMs5w5hB9w3j4ByRaOKA==</latexit>⌫

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b
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<latexit sha1_base64="yp/cWbt5XObf2sGm6fzmEeav4Vs="></latexit>

1

�f

d�f

d cos ✓f
=

1

2
(1 + !f cos ✓f )  -0.4

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

Top quark spin<latexit sha1_base64="oOcUSgSvOxX36Qfmy5MJdeq1G+s=">AAAB73icbZDJSgNBEIZ74hYTl6hHL4NR8BRmBJdj0IvHCGaBZAg9nZqkSU/P2F0TCENewosHRbz6Ar6Ab+DNB9GzneWgiT80fPx/FV1Vfiy4Rsf5tDJLyyura9n1XH5jc2u7sLNb01GiGFRZJCLV8KkGwSVUkaOARqyAhr6Aut+/Guf1ASjNI3mLwxi8kHYlDzijaKxGC3uAtB20C0Wn5ExkL4I7g2L58OvtfZD/rrQLH61OxJIQJDJBtW66ToxeShVyJmCUayUaYsr6tAtNg5KGoL10Mu/IPjJOxw4iZZ5Ee+L+7khpqPUw9E1lSLGn57Ox+V/WTDC48FIu4wRBsulHQSJsjOzx8naHK2AohgYoU9zMarMeVZShOVHOHMGdX3kRaicl96x0euMWy5dkqizZJwfkmLjknJTJNamQKmFEkHvySJ6sO+vBerZepqUZa9azR/7Iev0B4xuUUQ==</latexit>

✓f

t

<latexit sha1_base64="eez2iWRyFiWHfAjwxwSg1QiFpPw=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ6ZOdborunFZwT6gHUomk2lDM5lpkhHK0J9w40IRt/6OO//G9CGo6IHA4Zx7yT0nSDlTGqEPa2V1bX1js7BV3N7Z3dsvHRy2VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB2Mrmd++55KxRJxpycp9WM8ECxiBGsjdcb9fIhlOO2Xysiu1ZDrehDZVVSpuFVD0HnF8xzo2GiOMlii0S+998KEZDEVmnCsVNdBqfZzLDUjnE6LvUzRFJMRHtCuoQLHVPn5/N4pPDVKCKNEmic0nKvfN3IcKzWJAzMZYz1Uv72Z+JfXzXTk+TkTaaapIIuPooxDncBZeBgySYnmE0MwkczcConJj4k2FRVNCV9J4f+kVbGdC7t665brV8s6CuAYnIAz4IBLUAc3oAGagAAOHsATeLbG1qP1Yr0uRles5c4R+AHr7RPVspCF</latexit>qhard

<latexit sha1_base64="exErX8FzBs8agf8nMSfreNn71YY=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu6KblxWsA9oQ5lMJ+3QSSadmQgl9CfcuFDErb/jzr9x+hBU9MCFwzn3cu89YcqZ0gh9WCura+sbm4Wt4vbO7t5+6eCwqUQmCW0QwYVsh1hRzhLa0Exz2k4lxXHIaSscXc/81j2VionkTk9SGsR4kLCIEayN1B73ciUiPe2VysiuVpHn+RDZFeS6XsUQdO76vgMdG81RBkvUe6X3bl+QLKaJJhwr1XFQqoMcS80Ip9NiN1M0xWSEB7RjaIJjqoJ8fu8UnhqlDyMhTSUaztXvEzmOlZrEoemMsR6q395M/MvrZDryg5wlaaZpQhaLooxDLeDsedhnkhLNJ4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bubArt165drWMowCOwQk4Aw64BDVwA+qgAQjg4AE8gWdrbD1aL9bronXFWs4cgR+w3j4BAgOQog==</latexit>qsoft

Hadronic top quark polarimetry

In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify a spin analyzer
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<latexit sha1_base64="yp/cWbt5XObf2sGm6fzmEeav4Vs="></latexit>

1

�f

d�f

d cos ✓f
=

1

2
(1 + !f cos ✓f )0.5

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

Top quark spin

<latexit sha1_base64="oOcUSgSvOxX36Qfmy5MJdeq1G+s=">AAAB73icbZDJSgNBEIZ74hYTl6hHL4NR8BRmBJdj0IvHCGaBZAg9nZqkSU/P2F0TCENewosHRbz6Ar6Ab+DNB9GzneWgiT80fPx/FV1Vfiy4Rsf5tDJLyyura9n1XH5jc2u7sLNb01GiGFRZJCLV8KkGwSVUkaOARqyAhr6Aut+/Guf1ASjNI3mLwxi8kHYlDzijaKxGC3uAtB20C0Wn5ExkL4I7g2L58OvtfZD/rrQLH61OxJIQJDJBtW66ToxeShVyJmCUayUaYsr6tAtNg5KGoL10Mu/IPjJOxw4iZZ5Ee+L+7khpqPUw9E1lSLGn57Ox+V/WTDC48FIu4wRBsulHQSJsjOzx8naHK2AohgYoU9zMarMeVZShOVHOHMGdX3kRaicl96x0euMWy5dkqizZJwfkmLjknJTJNamQKmFEkHvySJ6sO+vBerZepqUZa9azR/7Iev0B4xuUUQ==</latexit>

✓ft

<latexit sha1_base64="eez2iWRyFiWHfAjwxwSg1QiFpPw=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ6ZOdborunFZwT6gHUomk2lDM5lpkhHK0J9w40IRt/6OO//G9CGo6IHA4Zx7yT0nSDlTGqEPa2V1bX1js7BV3N7Z3dsvHRy2VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB2Mrmd++55KxRJxpycp9WM8ECxiBGsjdcb9fIhlOO2Xysiu1ZDrehDZVVSpuFVD0HnF8xzo2GiOMlii0S+998KEZDEVmnCsVNdBqfZzLDUjnE6LvUzRFJMRHtCuoQLHVPn5/N4pPDVKCKNEmic0nKvfN3IcKzWJAzMZYz1Uv72Z+JfXzXTk+TkTaaapIIuPooxDncBZeBgySYnmE0MwkczcConJj4k2FRVNCV9J4f+kVbGdC7t665brV8s6CuAYnIAz4IBLUAc3oAGagAAOHsATeLbG1qP1Yr0uRles5c4R+AHr7RPVspCF</latexit>qhard

<latexit sha1_base64="exErX8FzBs8agf8nMSfreNn71YY=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu6KblxWsA9oQ5lMJ+3QSSadmQgl9CfcuFDErb/jzr9x+hBU9MCFwzn3cu89YcqZ0gh9WCura+sbm4Wt4vbO7t5+6eCwqUQmCW0QwYVsh1hRzhLa0Exz2k4lxXHIaSscXc/81j2VionkTk9SGsR4kLCIEayN1B73ciUiPe2VysiuVpHn+RDZFeS6XsUQdO76vgMdG81RBkvUe6X3bl+QLKaJJhwr1XFQqoMcS80Ip9NiN1M0xWSEB7RjaIJjqoJ8fu8UnhqlDyMhTSUaztXvEzmOlZrEoemMsR6q395M/MvrZDryg5wlaaZpQhaLooxDLeDsedhnkhLNJ4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bubArt165drWMowCOwQk4Aw64BDVwA+qgAQjg4AE8gWdrbD1aL9bronXFWs4cgR+w3j4BAgOQog==</latexit>qsoft

Hadronic top quark polarimetry

Jezabek ‘94

In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify a spin analyzer
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Hadronic top quark polarimetry

Tweedie ‘14

In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify a spin analyzer
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LHC Projections

Entanglement: 

Dong, DG, Kong, Navarro ’23
See also Han, Low and Wu ’23 
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LHC Projections

Bell/CHSH inequalities: Afik, Nova ’20
Severi, Boschi, Maltoni, Sioli ‘21
Saavedra, Casas ‘22

Dong, DG, Kong, Navarro ’23
See also Han, Low and Wu ’23 
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CHSH loopholes in top pair production 

Free-will loophole:  There is no external intervention in choosing measurements.  
However, directions of final state leptons and qopt are randomized

Measurement of loophole free Bell violation is more delicate than probing entanglement

Detection loophole: We examine a subset of events, potentially biasing results

It is not surprising that the LHC can only probe weak violation of Bell’s inequalities. 
LHC wasn't designed for this. In fact, it took decades to prepare loophole-free setups, 
with the first measurement in 2015-2018, leading to the 2022 Nobel Prize

Causally disconnected at the boosted regime (statistical level)
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Hadronic Top Quark Polarimetry with ParticleNet 

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24
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~qopt = p(d ! qhard|cW , {O}) q̂hard + p(d ! qsoft|cW , {O}) q̂soft
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Hadronic Top Quark Polarimetry with ParticleNet 

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24
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This can significantly boost spin correlations, entanglement, Bell inequalities, new physics searches…



Dorival Gonçalves      TRIUMF - 09.19.2024Dorival Gonçalves

We are just at the beginning
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6.1�

Predictions and measurements are far 
off at low mass region (signal region) 

- Theoretical modeling

- Experimental uncertainties

Entanglement stress test our current understanding
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We are just at the beginning
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H

Dorival Gonçalves

Higher order calculations Efficient analysis technics

…

H

QCD corrections are dynamic and 
fundamental for robust predictions

Paths towards precision

b

b̄
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Can we significantly improve this search maximally exploring the Z spin density? 
DG, Nakamura (2018)

Z spin density displays a rich amount of information (8 multipoles coef.) and is not systematically limited        

Role of the Z spin density in the H→bb measurement
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Lepton angular distribution works as an analyzer, 
probing underlying production dynamics 
encoded in the Ai coefficients: ZH(bb) vs Zbb

Dorival Gonçalves

Z polarization displays a rich amount of information (8 multipoles coef.) and is not systematically limited        
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no polarization
It relies only on lepton reconstruction with small 
experimental uncertainties. It can be promptly 
included in the ATLAS and CMS studies

Gonçalves, Nakamura PRD ’18

Role of the Z spin density in the H→bb measurement
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It directly generalizes to other relevant searches such as Z(ll)H(inv):
Does not depend on the Higgs decay, only on the Z polarization

H

�

�

Role of the Z spin density in the H→inv measurement
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It directly generalizes to other relevant searches such as Z(ll)H(inv):
Does not depend on the Higgs decay, only on the Z polarization

DG, Nakamura ‘19
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Role of the Z spin density in the H→inv measurement



Dorival Gonçalves      TRIUMF - 09.19.2024Dorival Gonçalves

Summary

LHC provides a unique opportunity to study quantum correlations, such as entanglement and 
violation of Bell inequalities, at high energy scales: quantum tomography

Optimal hadronic polarimeter
Crucial to access the higher event rate from hadronic final states
Can significantly boost spin correlations, entanglement, Bell inequalities, new physics searches…

We are just at the beginning:
Brand new experimental results for entanglement
Bell/CHSH violation may be probed at 4-5 sigma level at the HL-LHC
Many new channels can be analogously studied in the SM and beyond:

Ex: Top quark pair Dong, DG, Kong, Navarro ’23

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24
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tt̄, ⌧⌧, ZZ, WW...
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Backgrounds

Dong, DG, Kong, Navarro ‘23
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Multiplicity and Jet Charge
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Z spin density matrix is disregarded

ATLAS

ATLAS & CMS limits use standard resolved jet studies, suppressing the backgrounds with MVA

While the spin density matrix is used in tt studies, it is typically disregarded when studying other channels at 
the LHC. Here, I will highlight its relevance for VH(bb) studies

Role of the Z spin density in the H→bb measurement
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We are just at the beginning
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Hadronic Top Quark Polarimetry with ParticleNet 


