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While CP-odd HVV is loop suppressed, CP-odd Hff can manifest at tree-level:

    Mixture possible in some models, e.g., 2HDM

Not excluded from Higgs measurements

CP-violation

L � �mf

v
Khf̄(cos↵+ i�5 sin↵)f

Top quark is an obvious candidate         

At LHC CPV HVV interaction is already extensively tested (clean target H→4leptons)
4l: Gritsan, Melnikov, Schulze, et al '12
WBF: Englert, DG, Mawatari, Plehn ’12

ttH: Buckley, DG (PRL ’15)
GF: Dolan, Harris, Jankowiak, Spannowsky 14’
taus: Harnik, Martin, Okui, Primulando, Yu 13’ 

See also Ellis, Hwang, Sakurai, Takeuchi ’13; Boudjemaa, Godbole, Guadagnoli,Mohan ’15
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Expected HL-LHC precisions:ttH channel observation (2018):

Direct CP measurement of Higgs-top coupling

Opportunity: direct measure Higgs-top CP structure at the LHC
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Top Quark is Unique

Decays before it hadronizes or its spin flips
<latexit sha1_base64="8c4kgukjIsM0I/SFPviCo6mtxpQ=">AAACDXicbVC7TgJBFJ3FF+ILtbSZiCY2kl0Cakm0scREHgmLZHYYYMLszmTmrpFs+AEbf8XGQmNs7e38G4dHoeBJbnJyzr25955ACW7Adb+d1NLyyupaej2zsbm1vZPd3asZGWvKqlQKqRsBMUzwiFWBg2ANpRkJA8HqweBq7NfvmTZcRrcwVKwVkl7Eu5wSsFI7e+QDidsJSDXyiVJaPuCSDzxkBnvuXXJaKI2waWdzbt6dAC8Sb0ZyaIZKO/vldySNQxYBFcSYpucqaCVEA6eCjTJ+bJgidEB6rGlpROy+VjL5ZoSPrdLBXaltRYAn6u+JhITGDMPAdoYE+mbeG4v/ec0YuhethEcqBhbR6aJuLDBIPI4Gd7hmFMTQEkI1t7di2ieaULABZmwI3vzLi6RWyHtn+eJNMVe+nMWRRgfoEJ0gD52jMrpGFVRFFD2iZ/SK3pwn58V5dz6mrSlnNrOP/sD5/AGN05sz</latexit>

⌧top ⇡ 5⇥ 10�25s
<latexit sha1_base64="mbVwrv8ROsaHxGNWupwMc9/pIe8=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVHwYpgJQT0GvXiMYBbIxFDT6SRNeha6a8Qw5Ae8+CtePCji1bs3/8bOctDEBwWP96qoqufHUmh0nG8rs7S8srqWXc9tbG5t79i7ezUdJYrxKotkpBo+aC5FyKsoUPJGrDgEvuR1f3A19uv3XGkRhbc4jHkrgF4ouoIBGqltH3kISTvtQ2fkQRyr6IEWPRQB19R17tLTYmlEddvOOwVnArpI3BnJkxkqbfvL60QsCXiITILWTdeJsZWCQsEkH+W8RPMY2AB6vGloCGZfK518M6LHRunQbqRMhUgn6u+JFAKth4FvOgPAvp73xuJ/XjPB7kUrFWGcIA/ZdFE3kRQjOo6GdoTiDOXQEGBKmFsp64MChibAnAnBnX95kdSKBfesULop5cuXsziy5IAckhPiknNSJtekQqqEkUfyTF7Jm/VkvVjv1se0NWPNZvbJH1ifP0nNmwk=</latexit>

⌧had ⇡ 2⇥ 10�24s
<latexit sha1_base64="F07UOHxpMqyXm1+kOdvOC+rVGTQ=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpKUoi6LblxWsA9oYphMJ+3QSWaYmYglZOfGX3HjQhG3/oI7/8bpY6GtBy4czrmXe+8JBaNKO863VVhaXlldK66XNja3tnfs3b2W4qnEpIk547ITIkUYTUhTU81IR0iC4pCRdji8GvvteyIV5cmtHgnix6if0IhipI0U2IeeRmmQRYyK3ENCSP4AoevcZadVN4cqsMtOxZkALhJ3RspghkZgf3k9jtOYJBozpFTXdYT2MyQ1xYzkJS9VRCA8RH3SNTRBMVF+Nvkjh8dG6cGIS1OJhhP190SGYqVGcWg6Y6QHat4bi/953VRHF35GE5FqkuDpoihlUHM4DgX2qCRYs5EhCEtqboV4gCTC2kRXMiG48y8vkla14p5Vaje1cv1yFkcRHIAjcAJccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi2FqzZzD74A+vzB8ehmJg=</latexit>

⌧flip ⇡ 10�21s

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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CP sensitive observables

CPV observables best defined at the top pair rest frame:

DG, Kong, Kim ’18 & ’21

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

l

g(pi.pj)✏l

Barman, DG, Kling ‘21

Information increases with successive addition of observables           Multivariate analysis problem
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HL-LHC Projections

<latexit sha1_base64="VLhHf525RkV95lvPwWiox7RDJcA="></latexit>

Higgs-top CP phase could be probed up to ↵ . 13
� Barman, DG, Kling ‘21

<latexit sha1_base64="mbEjBP9oUeVX1D66/pVGN1QOYfU=">AAACCnicbVC7TsMwFHXKq5RXgJHF0CIxVUmFADFVsDAWRB9SE1U3rttatZPIdpCiqjMLv8LCAEKsfAEbf4PbZoCWK9k6Oude+54TxJwp7TjfVm5peWV1Lb9e2Njc2t6xd/caKkokoXUS8Ui2AlCUs5DWNdOctmJJQQScNoPh9URvPlCpWBTe6zSmvoB+yHqMgDZUxz68o4SGGpcGno6w1wchYHaXsNJJN73s2EWn7EwLLwI3A0WUVa1jf3ndiCTCPEs4KNV2nVj7I5CaEU7HBS9RNAYyhD5tGxiCoMofTa2M8bFhurgXSXPMWlP298QIhFKpCEynAD1Q89qE/E9rJ7p34Y9YGCeahmT2US/h2Lie5IK7TFKieWoAEMnMrpgMQALRJr2CCcGdt7wIGpWye1Y+va0Uq1dZHHl0gI7QCXLROaqiG1RDdUTQI3pGr+jNerJerHfrY9aas7KZffSnrM8fC7SZ3Q==</latexit>

Recent h ! �� study:

Pittsburgh - 05.09.2022
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HL-LHC & FCC-hh Projections

<latexit sha1_base64="BeM5oq3TW03ZILtnK9QoGdVhXRs="></latexit>

HL-LHC: ↵ . 22
�

<latexit sha1_base64="/Vr0mD0cw2yw8HPzcKQ0jL8/vbo=">AAACD3icbVA9SwNBEN2LX0n8ilraLIpiY7gTUbEKBsRSwaiYi2FvM8kt2ftgd04SjvgLbCz9FYKNhSK2tnb+Gt0kFn49GHi8N8PMPC+WQqNtv1uZkdGx8YlsLj85NT0zW5ibP9FRojhUeCQjdeYxDVKEUEGBEs5iBSzwJJx67XLfP70EpUUUHmM3hlrAWqFoCs7QSPXCqovQwXS/XF73/d3eFXWZjH3mStBai4A6Fy4XitcLy3bRHoD+Jc4XWS7l4tvzu87HYb3w5jYingQQIpdM66pjx1hLmULBJfTybqIhZrzNWlA1NGQB6Fo6+KdHV4zSoM1ImQqRDtTvEykLtO4GnukMGPr6t9cX//OqCTZ3aqkI4wQh5MNFzURSjGg/HNoQCjjKriGMK2FupdxninE0EeZNCM7vl/+Sk42is1XcPDJp7JEhsmSRLJE14pBtUiIH5JBUCCfX5J48kifrxnqwnq2XYWvG+ppZID9gvX4CnOSgIg==</latexit>

FCC-hh: ↵ . 1�

DG, Kong, Kim, Wu ’21
Mangano, Plehn, Reimitz, Schell, Shao ‘15

<latexit sha1_base64="seu/uFG16X3Bg9SNi3/hfiWsdbk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBlvBVUmKqLgqunFZxT6gCWUyuW2HTh7MTIQQunLjr7hxoYhbv8Gdf+O0zUJbDwwczrn3zr3HizmTyrK+jcLS8srqWnG9tLG5tb1j7u61ZJQICk0a8Uh0PCKBsxCaiikOnVgACTwObW90PfHbDyAki8J7lcbgBmQQsj6jRGmpZx7eAYVQ4crQURH2HI+IzBtXsFSJn172zLJVtabAi8TOSRnlaPTML8ePaBLokZQTKbu2FSs3I0IxymFcchIJMaEjMoCupiEJQLrZ9IwxPtaKj/uR0E+vNFV/d2QkkDINPF0ZEDWU895E/M/rJqp/4WYsjBMFIZ191E841hdPMsE+E0AVTzUhVDC9K6ZDIghVOrmSDsGeP3mRtGpV+6x6elsr16/yOIroAB2hE2Sjc1RHN6iBmoiiR/SMXtGb8WS8GO/Gx6y0YOQ9++gPjM8fGyeYRA==</latexit>

Recent h ! bb̄ study:

Pittsburgh - 05.09.2022
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Thermal history of our Universe

What is the order of the Electroweak Phase Transition?

illustration L-T Wang 

Pittsburgh - 05.09.2022
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Higgs Potential: Collider & GW Complementarity

For T* ~ 100 GeV, GW frequency (redshifted to today) ~ mHz
Signal in sensitivity band of future space-based GW detector LISA 

Pittsburgh - 05.09.2022



Dorival Gonçalves

Collider & GW complementarity

<latexit sha1_base64="CjgOntUy5xcVKwx518vcDc8tEsI="></latexit>

Analytical behavior of �F0/|F0| favors lower mass scalars

<latexit sha1_base64="gFgVDkedmZbE7UdDnK75n/oMU3s=">AAACInicbVC5TsNAEF1zE64AJc2KCIkqshHi6BA0FBQgyCGFKBpvxsmK9a61O46IIr6Fhl+hoQABFRIfg+Ok4HrNPL03o5l5YaKkI9//8CYmp6ZnZufmCwuLS8srxdW1qjOpFVgRRhlbD8GhkhorJElhPbEIcaiwFt6cDP1aD62TRl9RP8FmDB0tIymAMqlVPLwka3SH4y1Z4LEh2csdHhnLnQAFWUGwoouOA3HqIj87PeGFQqtY8st+Dv6XBGNSYmOct4pv120j0hg1CQXONQI/oeYALEmh8K5wnTpMQNxABxsZ1RCjaw7yF+/4Vqa086Mio4nn6veJAcTO9eMw64yBuu63NxT/8xopRQfNgdRJSqjFaFGUKk6GD/PibWlRkOpnBISV2a1cdMGCoCzVYQjB75f/kupOOdgr717slI6Ox3HMsQ22ybZZwPbZETtl56zCBLtnj+yZvXgP3pP36r2PWie88cw6+wHv8wuiv6MD</latexit>

Strong extra motivation for scalar searches at the LHC

<latexit sha1_base64="bcMSrpPNj7lHEq5EyEbPCPyAH1A="></latexit>

⇠c > 1 ! mH . 750 GeV: EFT analysis is disfavored at LHC

<latexit sha1_base64="5HVHfRXhlI8EpN7Q5NeWdOwqUuU=">AAACL3icbVDLSsQwFE19O76qLt0EB8GFDK2IiitREJcKzgNmypBm7kyDaVKSVChl/siNv+JGRBG3/oVp7UJnPBA495x7ubknTDjTxvNenZnZufmFxaXl2srq2vqGu7nV0jJVFJpUcqk6IdHAmYCmYYZDJ1FA4pBDO7y/LPz2AyjNpLgzWQJBTEaCDRklxkp99+ouS2zBeXaGTQSYs1FkQJVcgZaCCAoHZRlZq3KkGliWEEViKLprfbfuNbwSeJr4FamjCjd997k3kDSNQRjKidZd30tMkBNlGOUwrvVSDQmh92QEXUuFXaSDvLx3jPesMsBDqewTBpfq74mcxFpncWg7Y2IiPekV4n9eNzXD0yBnIkkNCPqzaJhybCQuwsMDpoAanllCqGL2r5hGNgVqQ9BFCP7kydOkddjwjxtHt4f184sqjiW0g3bRPvLRCTpH1+gGNRFFj+gZvaF358l5cT6cz5/WGaea2UZ/4Hx9A8QjqN4=</latexit>

Typically: the lighter the resonance, the higher the order parameter

Pittsburgh - 05.09.2022

DG, Kaladharan, Wu ‘21
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Collider & GW complementarity

Non-resonant di-Higgs searches

DG, Kaladharan, Wu ‘21

Limited precision prompts Higgs self-coupling as key benchmark for future colliders 

ATLAS+CMS projections

Resonant di-Higgs searches:

Pittsburgh - 05.09.2022
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Smoking gun signature for SFOEWPT at HL-LHC: (H, A, H± → tt, tb) followed by di-Higgs searches 

Widely discussed channel A(H) → ZH(A) is still relevant, whereas, to smaller fraction of parameter space

Collider & GW complementarity

In contrast to HL-LHC, LISA is going to be sensitive to a significantly smaller parameter space region, 
whereas it renders to complementary sensitivities where correspondent LHC cross-section is suppressed 

DG, Kaladharan, Wu ‘21

Pittsburgh - 05.09.2022
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Summary

Dorival Gonçalves

Direct probe: ttH channel

Higgs-top coupling can naturally display larger CP-phases than HVV

Multivariate analysis problem. t-quark polarization uplifts analysis from raw rate to polarization study  

The search for new sources of CPV and understanding the thermal history of EWSB are 
cornerstones for the LHC program (and forthcoming experiments, such as LISA, FCC,…)

Thermal history of EWSB is a crucial challenge for particle physics and cosmology 

Well-motivated 2HDM leads to rich phase transition, favoring SFOEWPT below TeV scale.

Smoking gun signature for SFOEWPT at HL-LHC: (H, A, H± → tt, tb)

See talk by Rahool Barman for more details

See talk by Ajay Kaladharan for more details
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Felix Kling (DESY)

Work in collaboration with

KC Kong (Kansas)

Ajay Kaladharan (OSU) Rahool K. Barman (OSU) Yongcheng Wu (OSU -> Faculty Nanjing)

Kim Jeoghan (CBNU-Korea)

Barman, DG, Kling ’21; DG, Kong, Kim, Wu ’21; DG, Kaladharan, Wu ’21


