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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
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Top quark spin
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The most general two-qubit system can be represented by 

Characterized by 15 parameters parameters:
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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 
Czakon, Mitov, Poncelet ’20
Frederix, Tsinikos, Vitos ’21 

Top quark pair production as a two qubit system 
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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

Precision BSM

Top

Top quark pair production as a two qubit system 
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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
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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 

Precision BSM

Top

Spin 
correlations

Entanglement Bell’s inequalities

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

⇢ =
I⌦I+(Bi�i⌦I+B̄iI⌦�i)+Cij�i⌦�j

4
Parke, Mahlon ’95



Dorival GonçalvesDorival Gonçalves

Top quark pair production is an optimal candidate for these studies

Entanglement and Bell Inequalities 
with Top Quarks

LHC can provide a unique environment to study entanglement and violation of Bell’s 
inequalities at the highest energy available to date

eV KeV MeV GeV TeV

LHC
Typical entanglement 

experiment with photons

Afik, Nova ’20; Fabbrichesi, Floreanini, Panizzo ’21; Severi, Boschi, Maltoni, Sioli ’21
Saavedra, Casas ’22; Severi, Vryonidou 22
Dong, DG, Kong, Navarro ’23
Han, Low, Wu ’23 
ATLAS Nature vol 633, 542–547 (2024)
CMS 2406.03976
CMS 2409.11067

See talks by Eleni Vryonidou, Chris White, 
Juan Antonio A. Saavedra, Giulia Negro, 
Roman Lysak
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Quantum Correlations

Dong, DG, Kong, Navarro ’23

Afik, Nova ’20
Severi, Boschi, Maltoni, Sioli ‘21
Saavedra, Casas ‘22

Bell/CHSH inequalitiesEntanglement

Entanglement and Bell/CHSH violation studies well match boosted top pair searches
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Semi-leptonic top pair

6 times higher event rate than dileptonic case
It can more effectively probe the boosted regime
Easier reconstruction

HEPTopTagger

Pros:

Boosted top tagging to aid subjet and light quark matching
Proxy for down-quark: optimal hadronic polarimeter

Cons:
down-type quark is best polarimeter, but tagging it in a collider environment is challenging

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

Hadronic top quark polarimetry



Dorival GonçalvesDorival Gonçalves

<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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<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

PHYSICAL REVIEW D 90, 112016 (2014)
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<latexit sha1_base64="yp/cWbt5XObf2sGm6fzmEeav4Vs="></latexit>

1

�f

d�f

d cos ✓f
=

1

2
(1 + !f cos ✓f )0.64

<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

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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Hadronic top quark polarimetry

Tweedie ‘14

We begin by considering the top quark decay in the W boson rest frame

If we do not distinguish the d-subjet and u-subjet, we need to identify 
However, 

quark emitted in forward direction in W rest frame will be 
harder and more separated from b-quark in top rest frame

quark emitted in backward direction in W rest frame will be 
softer and more aligned with b-quark in top rest frame

<latexit sha1_base64="6Lef6FfNeyL/lb03LyoCsHSjpUk=">AAACFHicbVDJSgNBEO2JW4zbqEcvjUEQxDAjEj0GvXiMYBZIQujp1CRNeha6a9Qw5CO8+CtePCji1YM3/8bOcjCJDwoe71VRVc+LpdDoOD9WZml5ZXUtu57b2Nza3rF396o6ShSHCo9kpOoe0yBFCBUUKKEeK2CBJ6Hm9a9Hfu0elBZReIeDGFoB64bCF5yhkdr2CW83ER4xrfVADpsSfFSi20OmVPRAT2fctp13Cs4YdJG4U5InU5Tb9nezE/EkgBC5ZFo3XCfGVsoUCi5hmGsmGmLG+6wLDUNDFoBupeOnhvTIKB3qR8pUiHSs/p1IWaD1IPBMZ8Cwp+e9kfif10jQv2ylIowThJBPFvmJpBjRUUK0IxRwlANDGFfC3Ep5jynG0eSYMyG48y8vkupZwS0Wirfn+dLVNI4sOSCH5Ji45IKUyA0pkwrh5Im8kDfybj1br9aH9TlpzVjTmX0yA+vrF6dVn9c=</latexit>cWhel $ �cWhel
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Bell/CHSH inequalities:

Dong, DG, Kong, Navarro ‘23

LHC Projections

Entanglement

See talks by Eleni Vryonidou, Chris White, 
Juan Antonio A. Saavedra, Giulia Negro, 
Roman Lysak
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See talks by Eleni Vryonidou, Chris White, 
Juan Antonio A. Saavedra, Giulia Negro, 
Roman Lysak

Dorival Gonçalves

Bell/CHSH inequalities:

Dong, DG, Kong, Navarro ‘23

LHC Projections

Entanglement

CMS 2409.11067
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<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

Top quark 
spin

<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

t

Hadronic Top Quark Polarimetry with ParticleNet 

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24

<latexit sha1_base64="o9OFaP0oNF4I+5Uyniv1emSsv6U="></latexit>

~q kin
opt = p(d ! qhard|cW ) q̂hard + p(d ! qsoft|cW ) q̂soft

<latexit sha1_base64="XlgZYZ+tAhh/MfHasYmY7rj4zO8=">AAACB3icdVA9SwNBEN2L3/ErainIYhCswuUSE+1EG0sFo0ISw95mYpbs7Z27c2I4YmXjX7GxUMTWv2Dnv3HPRFDRBwOP92aYmedHUhh03XcnMzY+MTk1PZOdnZtfWMwtLZ+YMNYcajyUoT7zmQEpFNRQoISzSAMLfAmnfm8/9U+vQBsRqmPsR9AM2IUSHcEZWqmVW2tcAaeXrQbCNSZhhIPzIb3pCTWgrVzeLexsV7wtj7oF1616pUpKvGrZK9GiVVLkyQiHrdxbox3yOACFXDJj6kU3wmbCNAouYZBtxAYixnvsAuqWKhaAaSaffwzohlXatBNqWwrpp/p9ImGBMf3At50Bw6757aXiX149xs52MxEqihEUHy7qxJJiSNNQaFto4Cj7ljCuhb2V8i7TjKONLmtD+PqU/k9OvEKxUqgclfO7e6M4pskqWSebpEiqZJcckENSI5zcknvySJ6cO+fBeXZehq0ZZzSzQn7Aef0Al3Gacw==</latexit>

~q kin
opt

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

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

b

Top quark 
spin

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 with ParticleNet 

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24

<latexit sha1_base64="2h78y+K2yj8VHMWvk3eP94kR5Nw="></latexit>

~qopt = p(d ! qhard|cW , {O}) q̂hard + p(d ! qsoft|cW , {O}) q̂soft

<latexit sha1_base64="KIXoDf+HRiRxVOI5wWAxE6hdFLk=">AAAB+3icdVDLSgNBEJz1bXxFPXoZDIKnsNnEJN5ELx4VzAOSEGYnnWTI7MOZ3pCw7K948aCIV3/Em3/jbBJBRQsaiqpuurvcUAqNtv1hLS2vrK6tb2xmtrZ3dvey+wd1HUSKQ40HMlBNl2mQwocaCpTQDBUwz5XQcEdXqd8Yg9Ii8O9wGkLHYwNf9AVnaKRu9qA9Bh7fJ902wgTjIMSkm83Z+fNq2TlzqJ237YpTLKfEqZScIi0YJUWOLHDTzb63ewGPPPCRS6Z1q2CH2ImZQsElJJl2pCFkfMQG0DLUZx7oTjy7PaEnRunRfqBM+Uhn6veJmHlaTz3XdHoMh/q3l4p/ea0I+9VOLPwwQvD5fFE/khQDmgZBe0IBRzk1hHElzK2UD5liHE1cGRPC16f0f1J38oVyvnxbyl1cLuLYIEfkmJySAqmQC3JNbkiNcDIhD+SJPFuJ9Wi9WK/z1iVrMXNIfsB6+wSY5JV8</latexit>

~qopt
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Hadronic Top Quark Polarimetry with ParticleNet 

Instead of viewing a jet as an ordered set of constituents, it is treated as an unordered set 
of its constituent particles or a “particle cloud”.  This approach efficiently captures low-
level jet details while respecting permutation symmetry

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24

Qu, Gouskos 2019 
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Hadronic Top Quark Polarimetry with ParticleNet 

Dong, DG, Kong, Larkoski, Navarro ’24
Dong, DG, Kong, Larkoski, Navarro ’24

Bett
er

Down-type subjet flavor identification within fatjet
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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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Summary

Optimal hadronic polarimeter: crucial ingredient to access higher event rate from hadronic final states

Down-type Jet flavor tagging significantly improve spin analyzing power in hadronic decays, going beyond 
exclusive kinematic information

Imposing an efficiency of 50% (20%) can increase the spin analyzing power of the new artificial 
direction to βopt=0.75 (0.86)

These improvements can potentially boost spin correlations studies for precision physics, BSM searches, 
entanglement, Bell inequalities,…
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- Theoretical modeling

- Experimental uncertainties

Entanglement stress test our current understanding

Quantum Entanglement

ATLAS Nature vol 633, 542–547 (2024)
CMS 2406.03976
CMS 2409.11067
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Quantum Entanglement

Semi-leptonic final state
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s-tagging performance

See talk by Jieun Choi 
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CP sensitive observables

CPV observables best defined at the top pair rest frame:

sin2 ↵f1(pi.pj) + cos2 ↵f2(pi.pj) + sin↵ cos↵
X

l

g(pi.pj)✏l

DG, Kong, Kim ’18 & ’21, Barman, DG, Kling ’21


