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 The only ~1 Yukawa in the SM, can be precisely probed at the LHC 

 Cross section measurements agree with the SM prediction 

 Can we distinguish between CP-even and hypothetial CP-odd terms? 

 Note: CP-even quantities are sensitive to     , e.g. 

 Can we achieve linear sensitivity to     ?

#2

Motivation

� ytp
2
t̄(+ i̃�5)th

<latexit sha1_base64="gpzUVc0FwwJnmNbTHWMLVsuVe80="></latexit>

̃
<latexit sha1_base64="EYE+YqJdWyTQMUv7P14hBJVD+LY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFNKJvNpF262Sy7G6GU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvkpxp43nfTmltfWNzq7xd2dnd2z+oHh61dZYrii2a8Ux1I6KRM4EtwwzHrlRI0ohjJxrdzfzOEyrNMvFoxhLDlAwESxglxkpBYBiPMRgRKUm/WvPq3hzuKvELUoMCzX71K4gzmqcoDOVE657vSRNOiDKMcpxWglyjJHREBtizVJAUdTiZ3zx1z6wSu0mmbAnjztXfExOSaj1OI9uZEjPUy95M/M/r5Sa5CSdMyNygoItFSc5dk7mzANyYKaSGjy0hVDF7q0uHRBFqbEwVG4K//PIqaV/U/cu693BVa9wWcZThBE7hHHy4hgbcQxNaQEHCM7zCm5M7L86787FoLTnFzDH8gfP5Azgykcs=</latexit>

�yab Q̄a(i⌧2H
⇤)ub ! � ytp

2
t̄th

<latexit sha1_base64="vcEwRqUE/FpNovaHLG49V7J/E6M="></latexit>

yt =

p
2mt

v
<latexit sha1_base64="iMLrDCrt1yyGTmmf+qNIwppDKCY=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQKuhGKblxWsA9oQ5hMJ+3QycOZm0IIWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe+/xYsEVWNa3sbK6tr6xWdoqb+/s7u2bB4dtFSWSshaNRCS7HlFM8JC1gINg3VgyEniCdbzxzdTvTJhUPArvIY2ZE5BhyH1OCWjJNSupC/gK931JaNZXDxKyeh64kGeT3DWrVs2aAS8TuyBVVKDpml/9QUSTgIVABVGqZ1sxOBmRwKlgebmfKBYTOiZD1tM0JAFTTjZ7IscnWhlgP5K6QsAz9fdERgKl0sDTnQGBkVr0puJ/Xi8B/9LJeBgnwEI6X+QnAkOEp4ngAZeMgkg1IVRyfSumI6LzAJ1bWYdgL768TNr1mn1Ws+7Oq43rIo4SqqBjdIpsdIEa6BY1UQtR9Iie0St6M56MF+Pd+Ji3rhjFzBH6A+PzByxDmHI=</latexit>

µ = 0.84+0.64
�0.61

<latexit sha1_base64="338eOiIXJ1sguaoN8ujFCs6Tp5E=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQQyJFu1GKLpxWcE+oI1hMp20Q2eSMDMRSghu/BU3LhRx61e482+ctllo64HLPZxzLzP3+DGjUtn2t1FYWFxaXimultbWNza3zO2dpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT84fXYbz0QIWkU3qlRTFyO+iENKEZKS5651+XJJbStauU+Pbat80rmpSe6O5lnlm3LngDOEycnZZCj7plf3V6EE05ChRmSsuPYsXJTJBTFjGSlbiJJjPAQ9UlH0xBxIt10ckIGD7XSg0EkdIUKTtTfGyniUo64ryc5UgM5643F/7xOooKqm9IwThQJ8fShIGFQRXCcB+xRQbBiI00QFlT/FeIBEggrnVpJh+DMnjxPmqeWc2bZt5Vy7SqPowj2wQE4Ag64ADVwA+qgATB4BM/gFbwZT8aL8W58TEcLRr6zC/7A+PwBBTGUng==</latexit>

[ATLAS, PRD 97 (2018) 072016]pp ! tt̄h, h ! bb̄ @36.1 fb�1
<latexit sha1_base64="emlJol3z9eVWnzoVCN/TeHOmAL4="></latexit>

̃2
<latexit sha1_base64="jRBxfH0E+bRnJMxEOF9PXmUzTd4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBT0WvXisYD+giWWy2bRLN5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzgpQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo5JMEtomCU9kLwBFORO0rZnmtJdKCnHAaTcY38z87iOViiXiXk9S6scwFCxiBLSRBnbV04yHFHtjSFN4aAzsmlN35sCrxC1IDRVoDewvL0xIFlOhCQel+q6Taj8HqRnhdFrxMkVTIGMY0r6hAmKq/Hx++BSfGiXEUSJNCY3n6u+JHGKlJnFgOmPQI7XszcT/vH6moys/ZyLNNBVksSjKONYJnqWAQyYp0XxiCBDJzK2YjEAC0SarignBXX55lXQadfe87txd1JrXRRxldIxO0Bly0SVqolvUQm1EUIae0St6s56sF+vd+li0lqxi5gj9gfX5Azczkso=</latexit>

�(tt̄h) ⇠ A2 +B̃2
<latexit sha1_base64="jJmOY2s+x6rKDhM1G6mqtMb9yMY=">AAACHnicbZBNSwMxEIazftb6VfXoZbAIilB2q6JHrRePClaFbi2zadqGJrtLMiuU4i/x4l/x4kERwZP+G9Nawa8XAi/PzDCZN0qVtOT7797Y+MTk1HRuJj87N7+wWFhaPrdJZrio8kQl5jJCK5SMRZUkKXGZGoE6UuIi6h4N6hfXwliZxGfUS0VdYzuWLcmRHGoUdkMr2xphg8IIDRB0NsEhDXAIYRfTFK/KsAWVkKRqii/SKBT9kj8U/DXByBTZSCeNwmvYTHimRUxcobW1wE+p3kdDkitxkw8zK1LkXWyLmrMxamHr/eF5N7DuSBNaiXEvJhjS7xN91Nb2dOQ6NVLH/q4N4H+1Wkat/XpfxmlGIuafi1qZAkpgkBU0pRGcVM8Z5Ea6vwLvoEFOLtG8CyH4ffJfc14uBdsl/3SneFAZxZFjq2yNbbCA7bEDdsxOWJVxdsvu2SN78u68B+/Ze/lsHfNGMyvsh7y3D2o6oDE=</latexit>



 Electric dipole moments (EDMs): 

Caveat: additional assumptions on Yukawas needed to extract 

#3

Indirect probes of CP-odd ̃
<latexit sha1_base64="p9xA3wHdsuSBrP2eA+1sZS5qT0s=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lU0GPRi8cK9gOaUDabSbt0s1l3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8UHKmjet+O6W19Y3NrfJ2ZWd3b/+genjU1mmmKLRoylPVDYkGzgS0DDMculIBSUIOnXB0N/M7Y1CapeLRTCQECRkIFjNKjJUC3zAeAfZHRErSr9bcujsHXiVeQWqoQLNf/fKjlGYJCEM50brnudIEOVGGUQ7Tip9pkISOyAB6lgqSgA7y+dFTfGaVCMepsiUMnqu/J3KSaD1JQtuZEDPUy95M/M/rZSa+CXImZGZA0MWiOOPYpHiWAI6YAmr4xBJCFbO3YjokilBjc6rYELzll1dJ+6LuXdbdh6ta47aIo4xO0Ck6Rx66Rg10j5qohSh6Qs/oFb05Y+fFeXc+Fq0lp5g5Rn/gfP4AkNqR9Q==</latexit>

de : Barr-Zee diagram, depends on top and electron couplings

� i

2
df f̄�

µ⌫�5fFµ⌫
<latexit sha1_base64="HKzDON+U04ZhjVBYVsJrEFnukUw="></latexit>

e = 1, ̃e = 0 ) |̃t| < 0.01
<latexit sha1_base64="PRVZqru7R7RnlPLBCfTb4Xwssrg="></latexit>

dn : Weinberg operator 

�w

3
GGG̃

<latexit sha1_base64="qS3RB8bBsI25gxnpIJUHXJ3Ie+A="></latexit>

⇠ t̃t
<latexit sha1_base64="GufDxw9ucldr9FLkSgK0Hx2GlAY="></latexit>

|de| < 8.7⇥ 10�29 e cm
<latexit sha1_base64="A9WSaK1ouRBEtgs27HD0DBhGkVs="></latexit>

[ACME, Science 343 (2014) 269-272]

dn ⇠ #q̃t +#t̃t
<latexit sha1_base64="o/q3//qZ1nOvtce2oacxOaR2ABk="></latexit>

[Baker et al, PRL97 (2006) 131801] |dn| < 2.9⇥ 10�26 e cm
<latexit sha1_base64="mF7kda9g2JxEE3gjDBm5crnBSN0="></latexit>

|̃t| < 0.1
<latexit sha1_base64="QLQ+oNVKhAZ5hiy3Z/h2MF+Bdxo="></latexit>

[Brod, Haisch, Zupan, JHEP 1311 (2013) 180]

̃t
<latexit sha1_base64="0rORxdiUv2jJfNmkyEzhIWAgbKQ="></latexit>



W b → t h 

Partonic cross sections: 

Total cross section is P-even: devise P-odd quantities 

#4

Direct probes: th and tth̅ production

�bW!th = C +A1+A2
2 +B2̃

2
<latexit sha1_base64="Bi/w9D3xv0M4AX85RIyG9xbTD+c="></latexit>

g g → t t ̅h 

�gg!tt̄h = a2
2 + b2̃

2
<latexit sha1_base64="wMu8OvgtX25PnZ+bzCiJ+X6GB7w=">AAACJ3icbVDLSgNBEJyN72g06tHLYBAEIexGQS+K6MVjBPOAbBJ6J5PNkNkHM71CWPI3XvwVL4KK6NE/cfIQNLGgoaaqm+kuL5ZCo21/WpmFxaXlldW17PpGbnMrv71T1VGiGK+wSEaq7oHmUoS8ggIlr8eKQ+BJXvP61yO/ds+VFlF4h4OYNwPwQ9EVDNBI7fxFztXCD6CV+r6LEUXXA0WxN6T0nEK7RN0+xDG0SpQeUW/0RiE7/Edt5wt20R6DzhNnSgpkinI7/+J2IpYEPEQmQeuGY8fYTEGhYJIPs26ieQysDz5vGBpCwHUzHd85pAdG6dBupEyFSMfq74kUAq0HgWc6A8CenvVG4n9eI8HuWTMVYZwgD9nko24i6SgQExrtCMUZyoEhwJQwu1LWAwUMTbRZE4Ize/I8qZaKznHRvj0pXF5N41gle2SfHBKHnJJLckPKpEIYeSBP5JW8WY/Ws/VufUxaM9Z0Zpf8gfX1DVwbo8Q=</latexit>

+ i̃�5
<latexit sha1_base64="UnX0hmgZt/eY2Xj5d8SYUmUlGPI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUBIf6LLoxmUF+4AmhJvJpB06k4SZiVBK1278FTcuFHHrF7jzb5y2WWjrgQuHc+7l3nvCjDOlHefbWlhcWl5ZLa2V1zc2t7btnd2mSnNJaIOkPJXtEBTlLKENzTSn7UxSECGnrbB/M/ZbD1Qqlib3epBRX0A3YTEjoI0U2AdeH7IM8Alm2NOMRxQXitcFISC4COyKU3UmwPPELUgFFagH9pcXpSQXNNGEg1Id18m0PwSpGeF0VPZyRTMgfejSjqEJCKr84eSVET4ySoTjVJpKNJ6ovyeGIJQaiNB0CtA9NeuNxf+8Tq7jK3/IkizXNCHTRXHOsU7xOBccMUmJ5gNDgEhmbsWkBxKINumVTQju7MvzpHladc+qzt15pXZdxFFC++gQHSMXXaIaukV11EAEPaJn9IrerCfrxXq3PqatC1Yxs4f+wPr8AUi5mV4=</latexit>

+ i̃�5
<latexit sha1_base64="UnX0hmgZt/eY2Xj5d8SYUmUlGPI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUBIf6LLoxmUF+4AmhJvJpB06k4SZiVBK1278FTcuFHHrF7jzb5y2WWjrgQuHc+7l3nvCjDOlHefbWlhcWl5ZLa2V1zc2t7btnd2mSnNJaIOkPJXtEBTlLKENzTSn7UxSECGnrbB/M/ZbD1Qqlib3epBRX0A3YTEjoI0U2AdeH7IM8Alm2NOMRxQXitcFISC4COyKU3UmwPPELUgFFagH9pcXpSQXNNGEg1Id18m0PwSpGeF0VPZyRTMgfejSjqEJCKr84eSVET4ySoTjVJpKNJ6ovyeGIJQaiNB0CtA9NeuNxf+8Tq7jK3/IkizXNCHTRXHOsU7xOBccMUmJ5gNDgEhmbsWkBxKINumVTQju7MvzpHladc+qzt15pXZdxFFC++gQHSMXXaIaukV11EAEPaJn9IrerCfrxXq3PqatC1Yxs4f+wPr8AUi5mV4=</latexit>



 polarization obs. of top quark along arbitrary vector “a” 

#5

Wb → th

+ i̃
<latexit sha1_base64="exTWZhN14RDSg6nJArYNdOnScAg=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tFEISSqKDHohePFewHNKFsNpt26SZZdjdCCfXiX/HiQRGv/gtv/hu3bQ7a+mDg8d4MM/MCwZnSjvNtlZaWV1bXyuuVjc2t7R17d6+l0kwS2iQpT2UnwIpyltCmZprTjpAUxwGn7WB4M/HbD1Qqlib3eiSoH+N+wiJGsDZSzz7whlgIjE4RQ55mPKRopvTsqlNzpkCLxC1IFQo0evaXF6Yki2miCcdKdV1HaD/HUjPC6bjiZYoKTIa4T7uGJjimys+nH4zRsVFCFKXSVKLRVP09keNYqVEcmM4Y64Ga9ybif14309GVn7NEZJomZLYoyjjSKZrEgUImKdF8ZAgmkplbERlgiYk2oVVMCO78y4ukdVZzz2vO3UW1fl3EUYZDOIITcOES6nALDWgCgUd4hld4s56sF+vd+pi1lqxiZh/+wPr8AfmglfE=</latexit>

�bW!th = C +A1+A2
2 +B2̃

2
<latexit sha1_base64="Bi/w9D3xv0M4AX85RIyG9xbTD+c="></latexit>

 polarized cross section (polarization vector s)

,
<latexit sha1_base64="/GgLt7h5ie3s3MLQALXEKSXr750=">AAAB+XicbVA9SwNBEN2LXzEaPbW0WQyCVbhTQcugjYVFBPMByRH2NnvJkr3dY3cuEo78ExsLRWz9J3b+GzfJFZr4YODx3gwz88JEcAOe9+0U1tY3NreK26Wd3fLevntw2DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0e3Mb42ZNlzJR5gkLIjJQPKIUwJW6rluuXvPItB8MASitXrquRWv6s2BV4mfkwrKUe+5X92+omnMJFBBjOn4XgJBRjRwKti01E0NSwgdkQHrWCpJzEyQzS+f4lOr9HGktC0JeK7+nshIbMwkDm1nTGBolr2Z+J/XSSG6DjIukxSYpItFUSowKDyLAfe5ZhTExBJCNbe3YjokmlCwYZVsCP7yy6ukeV71L6rew2WldpPHUUTH6ASdIR9doRq6Q3XUQBSN0TN6RW9O5rw4787HorXg5DNH6A+czx9ydpOK</latexit>

Oâ =
1

2
� · â

<latexit sha1_base64="J/U7P6n1D3h51W0Y/zf0DxPF3L8="></latexit>

polarization

hOâi ⇠ Tr [⇢Oâ] = Biai
<latexit sha1_base64="yk0hvSMPRiOKa1kiJOUlmKT+Rds="></latexit>

polarization axis



#6

Wb → th

1

�

d�

d cos ✓f
=

1

2
(1 + hOâi cos ✓f )

<latexit sha1_base64="e9RB5LICP4GER9VRen5jlhx0XF4="></latexit>

t â
<latexit sha1_base64="0sMBkcWZMZWDrFzs2jI9aahbqMI=">AAACP3icbVDLSgQxEMz4dnzrUYTgInhaZlTQo+jFo4Krws4gPZleN5hkhiSjLGF+w6v+ip/hF3gTr97MPg6u2hCoruqmK5WVghsbRW/BxOTU9Mzs3Hy4sLi0vLK6tn5likozbLFCFPomA4OCK2xZbgXelBpBZgKvs/vTvn79gNrwQl3aXomphDvFO5yB9VSylHTBuiSTFOrb1UbUjAZF/4J4BBpkVOe3a8FWkheskqgsE2BMO45KmzrQljOBdZhUBktg93CHbQ8VSDSpG5iu6Y5nctoptH/K0gH7c8OBNKYnMz8pwXbNb61P/qe1K9s5Sh1XZWVRseGhTiWoLWg/AZpzjcyKngfANPdeKeuCBmZ9TmNXhk7DROEjK6QElbtEY16349S5ZKC6fk8bcT32W5fJOgx9oPHv+P6Cq71mvN+MLg4axyejaOfIJtkmuyQmh+SYnJFz0iKMlOSJPJOX4DV4Dz6Cz+HoRDDa2SBjFXx9A8mDrwY=</latexit>

t ! b`+⌫`
<latexit sha1_base64="OOwGsCLcN9aGLnmdg+tY0f9gixE="></latexit>

 Lepton as a top-quark spin analyzer
[Atwood et al, Phys. Rep. 347] 

[Bernreuther et al, NPB690 (2004) 81] 

 Accessible in angular distribution hOâi = Biâi = hcos ✓i
<latexit sha1_base64="JcYHMu4w/uoy0IOIYppSmxcRVyM="></latexit>

top CMS

th CMS

✓`
<latexit sha1_base64="ouCJuLky2B58D9E8qOo2RF1TTbo="></latexit>

✓
<latexit sha1_base64="dCF5dmn8H96xv3WJFYL/WZHTBHE="></latexit>

W t

p⇤
`

<latexit sha1_base64="zKtthnnBBUTz0DnblX7zAvs4zws="></latexit>

B2 ⇠ ̃
<latexit sha1_base64="+iSM3tW0MdfnjwjNSJ+phsxKiD4="></latexit>

â = êy ⇠ p1 ⇥ k1
<latexit sha1_base64="j9eiZv3vpVBt52+9yYtPqHVP648="></latexit>

+
<latexit sha1_base64="XsWx/raRg58nsALM0apbImKhfjg=">AAACPXicbVDLSgQxEMz4XMfn6lGE4CJ4WmZU0KOoB48Kroo7g2QyvRrMY0gyLkuYv/Cqv+J3+AHexKtXs4+DqxYEKlXddHdlBWfGRtFbMDE5NT0zW5sL5xcWl5ZX6quXRpWaQosqrvR1RgxwJqFlmeVwXWggIuNwlT0c9/2rR9CGKXlhewWkgtxJ1mGUWC/dJCeqK4nWqnu70oia0QD4L4lHpIFGOLutBxtJrmgpQFrKiTHtOCps6oi2jHKowqQ0UBD6QO6g7akkAkzqBitXeMsrOe4o7Z+0eKD+7HBEGNMTma8UxN6b315f/M9rl7ZzkDomi9KCpMNBnZJjq3D/fpwzDdTynieEauZ3xfSeaEKtT2lsynDTMJHQpUoIInOXaMirdpw6lwxc1//jRlyNXesyUYWhDzT+Hd9fcrnTjHeb0fle4/BoFG0NraNNtI1itI8O0Sk6Qy1EkURP6Bm9BK/Be/ARfA5LJ4JRzxoaQ/D1DSxursc=</latexit>



#7

Wb → th

Pseudoscalar

â
<latexit sha1_base64="0sMBkcWZMZWDrFzs2jI9aahbqMI=">AAACP3icbVDLSgQxEMz4dnzrUYTgInhaZlTQo+jFo4Krws4gPZleN5hkhiSjLGF+w6v+ip/hF3gTr97MPg6u2hCoruqmK5WVghsbRW/BxOTU9Mzs3Hy4sLi0vLK6tn5likozbLFCFPomA4OCK2xZbgXelBpBZgKvs/vTvn79gNrwQl3aXomphDvFO5yB9VSylHTBuiSTFOrb1UbUjAZF/4J4BBpkVOe3a8FWkheskqgsE2BMO45KmzrQljOBdZhUBktg93CHbQ8VSDSpG5iu6Y5nctoptH/K0gH7c8OBNKYnMz8pwXbNb61P/qe1K9s5Sh1XZWVRseGhTiWoLWg/AZpzjcyKngfANPdeKeuCBmZ9TmNXhk7DROEjK6QElbtEY16349S5ZKC6fk8bcT32W5fJOgx9oPHv+P6Cq71mvN+MLg4axyejaOfIJtkmuyQmh+SYnJFz0iKMlOSJPJOX4DV4Dz6Cz+HoRDDa2SBjFXx9A8mDrwY=</latexit>

⇠ ̃
<latexit sha1_base64="wTGAFJ2jBARSmsEFSvfmynFHOL8="></latexit>

hOâi = h \p1 ⇥ k1| {z } ·p̂`i
<latexit sha1_base64="rVfu6BM4G6TYlNKk24htzCzL0Os="></latexit>

However, top polarization along the y-axis, B2, depends on angle ✓
<latexit sha1_base64="dCF5dmn8H96xv3WJFYL/WZHTBHE="></latexit>

Maximize sensitivity  
Where B2 flips the sign, flip the sign of quantization axis â

<latexit sha1_base64="0sMBkcWZMZWDrFzs2jI9aahbqMI=">AAACP3icbVDLSgQxEMz4dnzrUYTgInhaZlTQo+jFo4Krws4gPZleN5hkhiSjLGF+w6v+ip/hF3gTr97MPg6u2hCoruqmK5WVghsbRW/BxOTU9Mzs3Hy4sLi0vLK6tn5likozbLFCFPomA4OCK2xZbgXelBpBZgKvs/vTvn79gNrwQl3aXomphDvFO5yB9VSylHTBuiSTFOrb1UbUjAZF/4J4BBpkVOe3a8FWkheskqgsE2BMO45KmzrQljOBdZhUBktg93CHbQ8VSDSpG5iu6Y5nctoptH/K0gH7c8OBNKYnMz8pwXbNb61P/qe1K9s5Sh1XZWVRseGhTiWoLWg/AZpzjcyKngfANPdeKeuCBmZ9TmNXhk7DROEjK6QElbtEY16349S5ZKC6fk8bcT32W5fJOgx9oPHv+P6Cq71mvN+MLg4axyejaOfIJtkmuyQmh+SYnJFz0iKMlOSJPJOX4DV4Dz6Cz+HoRDDa2SBjFXx9A8mDrwY=</latexit>

Optimization



#8

Wb → th

Where to flip the sign of 
(depends also on 𝜘)

â
<latexit sha1_base64="0sMBkcWZMZWDrFzs2jI9aahbqMI=">AAACP3icbVDLSgQxEMz4dnzrUYTgInhaZlTQo+jFo4Krws4gPZleN5hkhiSjLGF+w6v+ip/hF3gTr97MPg6u2hCoruqmK5WVghsbRW/BxOTU9Mzs3Hy4sLi0vLK6tn5likozbLFCFPomA4OCK2xZbgXelBpBZgKvs/vTvn79gNrwQl3aXomphDvFO5yB9VSylHTBuiSTFOrb1UbUjAZF/4J4BBpkVOe3a8FWkheskqgsE2BMO45KmzrQljOBdZhUBktg93CHbQ8VSDSpG5iu6Y5nctoptH/K0gH7c8OBNKYnMz8pwXbNb61P/qe1K9s5Sh1XZWVRseGhTiWoLWg/AZpzjcyKngfANPdeKeuCBmZ9TmNXhk7DROEjK6QElbtEY16349S5ZKC6fk8bcT32W5fJOgx9oPHv+P6Cq71mvN+MLg4axyejaOfIJtkmuyQmh+SYnJFz0iKMlOSJPJOX4DV4Dz6Cz+HoRDDa2SBjFXx9A8mDrwY=</latexit>
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 t → b l 𝜈, h → b̅b 
 cut based analysis: |pb + pb̅| = mh ± 25 GeV   
 reconstruction of the top momentum 

Obstacles 
 small cross section: 10fb @ 13 TeV (3.104 @ 3000 fb-1) 

                     47fb @ HE-LHC (700 k @ 15000 fb-1) 
 large background: tt ̅→ (b j j) (b̅ l nu), 70 pb @ LHC 
 background study underway

#9

pp → thj

MC level MC+showering+Delphes reconstruction

PRELIMINARY
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tth̅ channel

g g → t t ̅h   (qq̅ → t t ̅ subleading)

�gg!tt̄h = a2
2 + b2̃

2
<latexit sha1_base64="wMu8OvgtX25PnZ+bzCiJ+X6GB7w=">AAACJ3icbVDLSgNBEJyN72g06tHLYBAEIexGQS+K6MVjBPOAbBJ6J5PNkNkHM71CWPI3XvwVL4KK6NE/cfIQNLGgoaaqm+kuL5ZCo21/WpmFxaXlldW17PpGbnMrv71T1VGiGK+wSEaq7oHmUoS8ggIlr8eKQ+BJXvP61yO/ds+VFlF4h4OYNwPwQ9EVDNBI7fxFztXCD6CV+r6LEUXXA0WxN6T0nEK7RN0+xDG0SpQeUW/0RiE7/Edt5wt20R6DzhNnSgpkinI7/+J2IpYEPEQmQeuGY8fYTEGhYJIPs26ieQysDz5vGBpCwHUzHd85pAdG6dBupEyFSMfq74kUAq0HgWc6A8CenvVG4n9eI8HuWTMVYZwgD9nko24i6SgQExrtCMUZyoEhwJQwu1LWAwUMTbRZE4Ize/I8qZaKznHRvj0pXF5N41gle2SfHBKHnJJLckPKpEIYeSBP5JW8WY/Ws/VufUxaM9Z0Zpf8gfX1DVwbo8Q=</latexit>

+ i̃�5
<latexit sha1_base64="UnX0hmgZt/eY2Xj5d8SYUmUlGPI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUBIf6LLoxmUF+4AmhJvJpB06k4SZiVBK1278FTcuFHHrF7jzb5y2WWjrgQuHc+7l3nvCjDOlHefbWlhcWl5ZLa2V1zc2t7btnd2mSnNJaIOkPJXtEBTlLKENzTSn7UxSECGnrbB/M/ZbD1Qqlib3epBRX0A3YTEjoI0U2AdeH7IM8Alm2NOMRxQXitcFISC4COyKU3UmwPPELUgFFagH9pcXpSQXNNGEg1Id18m0PwSpGeF0VPZyRTMgfejSjqEJCKr84eSVET4ySoTjVJpKNJ6ovyeGIJQaiNB0CtA9NeuNxf+8Tq7jK3/IkizXNCHTRXHOsU7xOBccMUmJ5gNDgEhmbsWkBxKINumVTQju7MvzpHladc+qzt15pXZdxFFC++gQHSMXXaIaukV11EAEPaJn9IrerCfrxXq3PqatC1Yxs4f+wPr8AUi5mV4=</latexit>

+ i̃�5
<latexit sha1_base64="UnX0hmgZt/eY2Xj5d8SYUmUlGPI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUBIf6LLoxmUF+4AmhJvJpB06k4SZiVBK1278FTcuFHHrF7jzb5y2WWjrgQuHc+7l3nvCjDOlHefbWlhcWl5ZLa2V1zc2t7btnd2mSnNJaIOkPJXtEBTlLKENzTSn7UxSECGnrbB/M/ZbD1Qqlib3epBRX0A3YTEjoI0U2AdeH7IM8Alm2NOMRxQXitcFISC4COyKU3UmwPPELUgFFagH9pcXpSQXNNGEg1Id18m0PwSpGeF0VPZyRTMgfejSjqEJCKr84eSVET4ySoTjVJpKNJ6ovyeGIJQaiNB0CtA9NeuNxf+8Tq7jK3/IkizXNCHTRXHOsU7xOBccMUmJ5gNDgEhmbsWkBxKINumVTQju7MvzpHladc+qzt15pXZdxFFC++gQHSMXXaIaukV11EAEPaJn9IrerCfrxXq3PqatC1Yxs4f+wPr8AUi5mV4=</latexit>

Requirements 
              for both tops 
 h→bb̅: 4b + 2l channel, other Higgs decays possible 

 tt ̅→ 2b 2l not a background anymore 
 dominant backgrounds: ttb̅b̅, ttj̅j 

t ! b`⌫
<latexit sha1_base64="fI1vdMDCJmRg5CKzTqql581MjKg="></latexit>
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tth̅ channel

Carry over spin analysis 

Polarizations of individual top quarks are vanishing, correlations are 
measurable 

t â
<latexit sha1_base64="0sMBkcWZMZWDrFzs2jI9aahbqMI=">AAACP3icbVDLSgQxEMz4dnzrUYTgInhaZlTQo+jFo4Krws4gPZleN5hkhiSjLGF+w6v+ip/hF3gTr97MPg6u2hCoruqmK5WVghsbRW/BxOTU9Mzs3Hy4sLi0vLK6tn5likozbLFCFPomA4OCK2xZbgXelBpBZgKvs/vTvn79gNrwQl3aXomphDvFO5yB9VSylHTBuiSTFOrb1UbUjAZF/4J4BBpkVOe3a8FWkheskqgsE2BMO45KmzrQljOBdZhUBktg93CHbQ8VSDSpG5iu6Y5nctoptH/K0gH7c8OBNKYnMz8pwXbNb61P/qe1K9s5Sh1XZWVRseGhTiWoLWg/AZpzjcyKngfANPdeKeuCBmZ9TmNXhk7DROEjK6QElbtEY16349S5ZKC6fk8bcT32W5fJOgx9oPHv+P6Cq71mvN+MLg4axyejaOfIJtkmuyQmh+SYnJFz0iKMlOSJPJOX4DV4Dz6Cz+HoRDDa2SBjFXx9A8mDrwY=</latexit>

✓`
<latexit sha1_base64="ouCJuLky2B58D9E8qOo2RF1TTbo="></latexit>

p⇤
`

<latexit sha1_base64="zKtthnnBBUTz0DnblX7zAvs4zws="></latexit>

t ̅

b̂
<latexit sha1_base64="VwgKEQaGjWqaE4tALtupuXr4KAY="></latexit>

✓`0
<latexit sha1_base64="XhJsHug54r59JKpJ6Qzr8J/T6bI="></latexit>

p⇤
`0

<latexit sha1_base64="Je5T7AoemIl0rjwH2BAliQMf7do="></latexit>

1

�

d�

d cos ✓` d cos ✓`0
=

1

4
(1� C cos ✓` cos ✓`0)

<latexit sha1_base64="BQj6mxa+DZOmVaoYI3CuG3nBPj4="></latexit>

Need to reconstruct t and t ̅momenta

Spin correlations
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tth̅ channel

Difficult to reconstruct t and t ̅

Alternative approach
 Use only momenta that are reasonably accessible  
 in the lab frame:  

 Construct observables with P = -1 and CP = -1  
 (matching the parities of    )

pp ! tt̄h ! (`+b̄⌫)(`b⌫)(bb̄)
<latexit sha1_base64="4entYDC7ZmROtifjWKUC3JQHYVw="></latexit>

p`,p¯̀,ph,pb,pb̄
<latexit sha1_base64="qLyMSD1TYru86iBSioSdwD8AesQ="></latexit>

b

b

h

b

b

)

<latexit sha1_base64="1GJznqb47sx8bmDG/ObcufE53+4=">AAACOnicbVDLSgMxFM34dnxVXYoQLIKrMqOCLotuXCrYB3SGksnc1tAkMyQZpYT5CLf6K/6IW3fi1g8wfSys9UDg5Jx7ufeeJOdMmyB49xYWl5ZXVtfW/Y3Nre2dyu5eU2eFotCgGc9UOyEaOJPQMMxwaOcKiEg4tJLB9chvPYLSLJP3ZphDLEhfsh6jxDipFV2xfj8qu5VqUAvGwPMknJIqmuK2u+sdRmlGCwHSUE607oRBbmJLlGGUQ+lHhYac0AHpQ8dRSQTo2I73LfGxU1Lcy5R70uCx+rvDEqH1UCSuUhDzoP96I/E/r1OY3mVsmcwLA5JOBvUKjk2GR8fjlCmghg8dIVQxtyumD0QRalxEM1Mmm/qRhCeaCUFkaiMFadkJY2ujsWtHf1wNy5lrbSJK33eBhn/jmyfN01p4Vgvuzqv1q2m0a+gAHaETFKILVEc36BY1EEUD9Ixe0Kv35n14n97XpHTBm/bsoxl43z8Vqq04</latexit>

ph
<latexit sha1_base64="rswqrE56RK872CN7xAn6kZyJnPg=">AAACO3icbVDLSgMxFM34rOOr1aUIwSK4KjMq6LLoxqWC1UJnKJnMbRtMMkOSUUqYn3Crv+KHuHYnbt2bPhbWeiBwcs693HtPknOmTRC8ewuLS8srq5U1f31jc2u7Wtu501mhKLRoxjPVTogGziS0DDMc2rkCIhIO98nD5ci/fwSlWSZvzTCHWJC+ZD1GiXFSO0qEzcvuoFutB41gDDxPwimpoymuuzVvP0ozWgiQhnKidScMchNbogyjHEo/KjTkhD6QPnQclUSAju144RIfOiXFvUy5Jw0eq787LBFaD0XiKgUxA/3XG4n/eZ3C9M5jy2ReGJB0MqhXcGwyPLoep0wBNXzoCKGKuV0xHRBFqHEZzUyZbOpHEp5oJgSRqY0UpGUnjK2Nxq4d/XE9LGeutYkofd8FGv6Nb57cHTfCk0Zwc1pvXkyjraA9dICOUIjOUBNdoWvUQhRx9Ixe0Kv35n14n97XpHTBm/bsohl43z92xq3u</latexit>

l

l ̅

̃
<latexit sha1_base64="XdmoNzb7F7QZwXMjxjIwBXMQ7/k="></latexit>

P-odd lab-frame observables
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tth̅ channel

 Combinations with well defined C, P

O0 = (pb � pb̄) · p`� ⇥ p`+
<latexit sha1_base64="Ms2Nu7RjeMTl8GA0GzHA1/7/6t0="></latexit>

see also  
[Amor dos Santos et al, PRD96 (2017)1,013004] 
[Boudjema et al, D92 (2015)1, 015019]

 Allowing for                    we have also(pb � pb̄)
<latexit sha1_base64="Q+l7ThUsZMsvzfHvNJdk8ltuapI="></latexit>

P-odd lab-frame observables



 106 generated signal events [Madgraph5] 

 No showering or detector effects 

 Linear in    , both observables are 
 1.5-2% at  
 For O0 we have to resolve b and b̅

#14

tth̅ channel
P-odd lab-frame observables

pp ! tt̄h ! (`+b̄⌫)(`b⌫)(bb̄)
<latexit sha1_base64="4entYDC7ZmROtifjWKUC3JQHYVw="></latexit>

 = 1
<latexit sha1_base64="24W445UWsUL/T3xUmEmM8eVEXq0="></latexit>

̃
<latexit sha1_base64="y364tUvPSe6DPBoeeUSFycOmGAU="></latexit>

̃
<latexit sha1_base64="y364tUvPSe6DPBoeeUSFycOmGAU="></latexit>

̃ = 1
<latexit sha1_base64="buBMxOcKwB9MbwSyoZ4XMZ4ufBE="></latexit>



 C.L. of exclusion of  

#15

tth̅ channel
P-odd lab-frame observables

 = 1
<latexit sha1_base64="24W445UWsUL/T3xUmEmM8eVEXq0="></latexit>

̃
<latexit sha1_base64="y364tUvPSe6DPBoeeUSFycOmGAU="></latexit>

̃ = 0
<latexit sha1_base64="Idiua0m603o494mi8/4e7txVIOk="></latexit>

�(AFB) =

r
1�A2

FB

N
⇡ 1p

N
<latexit sha1_base64="jGl8Xsco+abrefZCh7z1qMO6Hoc="></latexit>



 Showering [Pythia8] 
 Detector effects [Delphes] 

 Require ≥ 4 b-tagged jets 
           2 opposite-charge leptons,  
           Higgs mass peak mh ± 25 GeV 

 Include dominant background: ttb̅b̅ 
 HL-LHC: Nsig = 1250, Nsig/Nb1/2 = 20  
 HE-LHC: Nsig = 5600 and Nsig/Nb1/2 = 17 

#16

tth̅ channel
P-odd lab-frame observables

-1.0 -0.5 0.0 0.5 1.0
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κ̃

A
FB

O6 = [(p̂b + p̂b̄) · (p̂`� � p̂`+)] [(p̂`� ⇥ p̂`+) · (p̂b + p̂b̄)]
<latexit sha1_base64="qMliIeYnfceA1BOYUouGB/AjSV0="></latexit>



̃
<latexit sha1_base64="3yNgeX3xSKv6pwkeV3SYmPztmpo="></latexit>
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tth̅ channel
Constraints

AFB

σ
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κ̃

δσ = 0.2, AFB ∈ [-0.01, 0.0]

AFB

σ

-2 -1 0 1 2
-2

-1

0

1

2

κ

κ̃

δσ = 0.2, AFB ∈ [0.0, 0.01]

 Complementary to cross section measurement, sensitive to sign of 



 Check if       is flipping sign over phase space 
 2D slices of 5D phase space 
 In all checked cases of 2D-sections cancellations are not harmful 
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tth̅ channel
Optimization

O6
<latexit sha1_base64="vYwhF5Ao+7gggNo2BIQP7CfHAUg="></latexit>



 LHC has probed the combined effect of CP even + CP odd top Yukawa   
coupling 
 Indirect CP-violating observables probe    under certain assumptions  

 th and tth final states are direct probes of     and   
  
We have defined CP-odd observables for th and tth channels 

     with enhanced sensitivity 

Preliminary conclusions 
 th     larger effect but is swamped by background 
 tth    offers an observable      constructed of lepton and b momenta 
 tth    not affected by background 

 Exp. could combine various Higgs decay channels to boost the sensitivity     
—  Higgs momentum is not important 
 HL and HE-LHC are required to resolve the CP structure of yt 

#19

Summary and conclusions

̃
<latexit sha1_base64="3yNgeX3xSKv6pwkeV3SYmPztmpo="></latexit>


<latexit sha1_base64="PqyAxh11gIZRh2cua4aNJXZBydk="></latexit> ̃

<latexit sha1_base64="3yNgeX3xSKv6pwkeV3SYmPztmpo="></latexit>

O6
<latexit sha1_base64="BQdGCvNT6oiN4Xm/SGswltLS+l4="></latexit>


