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The Higgs-top gateway to new physics
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Big Questions

- Is it elementary or composite?

- Is it responsible for the masses
  of all fundamental particles?

Is it a portal to a dark sector?

Can it help explain matter  
antimatter-asymmetry?

Are there more Higgs bosons?

- Is it natural?

New Physics

What is the order of EWPT?

What is the new physics scale?

L. Gonçalves
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Can we use their phenomenology to probe QIS questions?

Are there top partners?
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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

Buckley, DG (PRL ’15)
Atwood, Shalom, Eilam, Soni ’00
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Indirect EDM constraints

Indirect constraints from eEDM very strong 

Brod, Haisch, Zupan (2013); Engel, Ramsey-Musolf, Kolck (2013); Cirigliano, Dekens, Vries, Mereghetti (2016)
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Plehn, Rainwater, Zeppenfeld (2001)
Zeppenfeld, Kubocz, Campanario (2010)
Englert, DG, Mawatari, Plehn (2012)

Complementary top-Higgs CP measurement at LHC:

Loop-induced: indirect constraints

Analogously to direct yt signal strength measurement,

the direct Higgs-top CP structure has in the ttH channel

its most natural path

Indirect collider constraints

Bottom line:

Dolan, Harris, Jankowiak, Spannowsky (2014)
Anderson, Bolognesi, Caola, Gao, Gritsan et al (2013)
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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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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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Top Quark is Unique

Bottom quark is several orders of magnitude behind

Decay product f

Top quark spin
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-
Top quark polarization

Parke, Mahlon ’95
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Spin correlations of top and anti-top affected by nature of interaction
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Spin correlations of top and anti-top affected by nature of interaction
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Buckley, DG (PRL ’15)

Top quark polarization

Parke, Mahlon ’95
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Boosted Higgs study nicely match with Higgs-top CP-measurement
<latexit sha1_base64="4D3wLuBax5n7rUnnAiY4eMJtkjs=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QXUqSZtvQbHabZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzSCK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epoqxJYxGrDsGaCS5Z03AjWCdRDEdEsDYZ3c/99oQpzWP5ZKYJCyI8kDzkFBsrBUPfxIj4BKuMzHrlilt1F0DrxMtJBXI0euUvvx/TNGLSUIG17npuYoIMK8OpYLOSn2qWYDrCA9a1VOKI6SBbHD1DF1bpozBWtqRBC/X3RIYjracRsZ0RNkO96s3F/7xuasLbIOMySQ2TdLkoTAWyn84TQH2uGDViagmmittbER1ihamxOZVsCN7qy+ukdVX1rqu1x1qlfpfHUYQzOIdL8OAG6vAADWgChTE8wyu8ORPnxXl3PpatBSefOYU/cD5/AL6Hkhk=</latexit>

h ! bb̄

Top quark polarization

Spin correlations of top and anti-top affected by nature of interaction

DG, Kong, Kim ’21
Buckley, DG (PRL ’15)
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CP sensitive observables

CPV observables best defined at the top pair rest frame:

DG, Kong, Kim ’18 & ’21, Barman, DG, Kling ’21, Atwood, Shalom, Eilam, Soni ’00

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

l

g(pi.pj)✏l



Dorival Gonçalves

Machine learning the Higgs-top CP-phase

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

Higgs-top CP phase could be probed up to ↵ . 13
�

Barman, DG, Kling ’21
Ackerschott, Barman, DG, Heimel, Plehn ’23
Bhardwaj, Englert, DG, Navarro ‘23

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

Recent h ! �� study:

Multivariate analysis problem: Information increases with successive addition of observables         

     BNL - 10.26.2023
Brehmer, Dawson, Homiller, Kling, Plehn ‘19
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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:

     BNL - 10.26.2023
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SMEFT vs. HEFT

Cohen, Craig, Lu, Sutherland ’21
Ambrosio, Estrada, Bernardez, Cillero ‘22 
Dawson, Fontes, Calonge, Cillero ’23

Bhardwaj, Englert, DG, Navarro ’23

While CPV effects can arise at the dim-4, it is also relevant to study how they can appear 
within EFTs. In this context, there exist two fundamentally different choices:

How sensitive the LHC can be to sources of non-linear CPV? How correlated CPV is across different 
Higgs multiplicities?

SMEFT: Higgs boson is a component of an electroweak doublet. Lagrangian contains all possible 

operators invariant under SU(3)cXSU(2)LXU(1)Y. Ordering by operator dimension and suppression (1/Λ)n 

HEFT: Higgs transforms as a gauge singlet. Based on chiral perturbation theory. Ordering of operators 
is not unique.

     BNL - 10.26.2023
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SMEFT vs. HEFT Higgs-top CPV

Bhardwaj, Englert, DG, Navarro ’23

SMEFT
<latexit sha1_base64="obDZznmYgdm/p3Bxed11hz9Vhm0="></latexit>

LSMEFT � �mt

v
t t̄(cos↵+ i�5 sin↵) t h

<latexit sha1_base64="8KvuEEwYT6oMPEW8y49tro6Fmm0="></latexit>

�3mt

2v2
t̄({t cos↵� 1}+ it�

5 sin↵) t h2

HEFT: Owing to the singlet character of the Higgs boson in HEFT, the operator can be dressed 
with a “flare” function”

SMEFT trajectory can be recovered by the HEFT choices: 

     BNL - 10.26.2023
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Higgs-top CPV manifest predominantly in single Higgs physics in the SMEFT
Single Higgs production has larger event rate than double Higgs at the LHC

     BNL - 10.26.2023

SMEFT vs. HEFT Higgs-top CPV

Bhardwaj, Englert, DG, Navarro ’23
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Bhardwaj, Englert, DG, Navarro ’23

SMEFTy extensions select a subspace 
of HEFT:

Assuming a SM value in HEFT for the single Higgs modes, (kt, α) = (1, 0), the expected constraints 
from purely non-linear CPV are obtained from multi-Higgs production 

Even if optimistic tthh constrain is 
relaxed, gg→hh production is still 
sensitive to significant quartic tthh 
vertices and associated CPV in HEFT

     BNL - 10.26.2023

SMEFT vs. HEFT Higgs-top CPV

SMEFT region selected from a fit to 
single Higgs data 

SM-like outcome of single Higgs 
measurements renders the available 
parameter space in the di-Higgs 
couplings relatively limited in SMEFT 
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Thermal history of our Universe

What is the order of the Electroweak Phase Transition?

illustration L-T Wang 
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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 

Strong first order phase transition at EW scale typically 
requires novel degrees of freedom close to EW scale, 
displaying sizable interactions with the Higgs boson
LHC searches: di-Higgs or heavy resonant searches  

     BNL - 10.26.2023
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The Shape of the Higgs Potential

Barrier formation: tree vs. one-loop vs. thermally induced barrier

Chung,Long, L-T Wang ‘12

<latexit sha1_base64="XiPbiXvMwz6AAwaGrjF1V4wPgsM=">AAACAXicbVC7SgNBFJ2NrxhfURvBZjEKghB2RdRGCNpYRkg2QhKW2cndZMjsg5m7wbDExl+xsVDEwsbSP7DzQ7R28ih8HbhwOOde7r3HiwVXaFnvRmZqemZ2LjufW1hcWl7Jr645KkokgyqLRCQvPapA8BCqyFHAZSyBBp6Amtc9G/q1HkjFo7CC/RiaAW2H3OeMopbc/IbjNhCuMAXfH5w4rrXnuLauipsvWEVrBPMvsSekUNr+eH7tLXyW3fxboxWxJIAQmaBK1W0rxmZKJXImYJBrJApiyrq0DXVNQxqAaqajDwbmjlZaph9JXSGaI/X7REoDpfqBpzsDih312xuK/3n1BP3jZsrDOEEI2XiRnwgTI3MYh9niEhiKviaUSa5vNVmHSspQh5bTIdi/X/5LnP2ifVg8uLALpVMyRpZski2yS2xyRErknJRJlTByTW7JPXkwbow749F4GrdmjMnMOvkB4+UL5LuaUA==</latexit>

Ve↵ = V0 + V1 + VT
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The Shape of the Higgs Potential

DG, Kaladharan, Wu ‘21

2HDM

<latexit sha1_base64="XiPbiXvMwz6AAwaGrjF1V4wPgsM=">AAACAXicbVC7SgNBFJ2NrxhfURvBZjEKghB2RdRGCNpYRkg2QhKW2cndZMjsg5m7wbDExl+xsVDEwsbSP7DzQ7R28ih8HbhwOOde7r3HiwVXaFnvRmZqemZ2LjufW1hcWl7Jr645KkokgyqLRCQvPapA8BCqyFHAZSyBBp6Amtc9G/q1HkjFo7CC/RiaAW2H3OeMopbc/IbjNhCuMAXfH5w4rrXnuLauipsvWEVrBPMvsSekUNr+eH7tLXyW3fxboxWxJIAQmaBK1W0rxmZKJXImYJBrJApiyrq0DXVNQxqAaqajDwbmjlZaph9JXSGaI/X7REoDpfqBpzsDih312xuK/3n1BP3jZsrDOEEI2XiRnwgTI3MYh9niEhiKviaUSa5vNVmHSspQh5bTIdi/X/5LnP2ifVg8uLALpVMyRpZski2yS2xyRErknJRJlTByTW7JPXkwbow749F4GrdmjMnMOvkB4+UL5LuaUA==</latexit>

Ve↵ = V0 + V1 + VT

Barrier formation: tree vs. one-loop vs. thermally induced barrier

Potential barrier induced by one-loop+thermal effects for more than 99% of points
     BNL - 10.26.2023
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The Shape of the Higgs Potential

Vacuum Upliftment:

DG, Kaladharan, Wu ’21; Dorsch, Huber, Mimasu, No ’17
     BNL - 10.26.2023
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Strong first-order phase transition
in the 2HDM

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

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

DG, Kaladharan, Wu ‘21

<latexit sha1_base64="GzGLUZEP4kN1hfzOkTHgsVwn1BA=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgIeFO/KpEtDClgkmEXAh7m0myZPfu2J1Tw5H8CBv/io2FIraCnf/GTUyh0QcDj/dmmJkXxFIYdN1PJzM1PTM7l53PLSwuLa/kV9cqJko0hzKPZKSvA2ZAihDKKFDCdayBqUBCNeieDf3qDWgjovAKezHUFWuHoiU4Qys18jv+nTj2Br4W7Q4yraPbgWqUfAnGGKHo4b478BHuMD2HSr+RL7hFdwT6l3hjUiBjXDTyH34z4omCELlkxtQ8N8Z6yjQKLqGf8xMDMeNd1oaapSFTYOrp6Ks+3bJKk7YibStEOlJ/TqRMGdNTge1UDDtm0huK/3m1BFtH9VSEcYIQ8u9FrURSjOgwItoUGjjKniWMa2FvpbzDNONog8zZELzJl/+Sym7ROyjuXe4VTk7HcWTJBtkk28Qjh+SElMgFKRNO7skjeSYvzoPz5Lw6b9+tGWc8s05+wXn/Ajovn34=</latexit>

⇠ > 1 ! mH . 750 GeV

Dorsh, Huber, No 13’; Ramsey-Musolf ‘19
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<latexit sha1_base64="NyW2dj+Jpau3LeMjCulZOlmfXcE="></latexit>

mH < mH± ⇡ mA: most favorable region for SFOEWPT

DG, Kaladharan, Wu ’21; Dorsh, Huber, No 13’

<latexit sha1_base64="ggITIVX6mqWcXjRZWijt2jj0ik0=">AAACE3icbVBNS0JBFJ3Xp9mX1bLNkAbRQt6TqJZmEG4Co8xIRe4brzk4b95jZp4g4n9o019p06KItm3a9W8aPxalHRg4nHMvd87xI8G1cd1vZ25+YXFpObGSXF1b39hMbW3f6jBWDMssFKG680Gj4BLLhhuBd5FCCHyBFb9zPvQrXVSah/LG9CKsB/AgeYszMFZqpA4voBsqTQvXl1QjKNZGTbscaOasZkJ6X8xQ1gYpUdBGKu1m3RHoLPEmJE0mKDVSX7VmyOIApWECtK56bmTqfVCGM4GDZC3WGAHrwANWLZUQoK73R5kGdN8qTdoKlX3S0JH6e6MPgda9wLeTAZi2nvaG4n9eNTat03qfyyg2KNn4UCsW1KYdFkSbXCEzomcJMMXtX4cNKGDG1pi0JXjTkWfJbS7rHWePrnLpfGFSR4Lskj1yQDxyQvKkSEqkTBh5JM/klbw5T86L8+58jEfnnMnODvkD5/MHAkucWg==</latexit>

Favors BSM searches via A ! ZH channel

Strong first-order phase transition
in the 2HDM

Due to the preference for large mass hierarchy among the scalar modes, it is likely that at least one 
of the scalar states be above the top-quark pair threshold: Favors gg→H/A→tt searches 
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Top Pair Resonant Searches via pp→ZH/A

Current pp→ZH/A searches mostly account for H/A→bb and H→WW (sensitivity mH,A < 350 GeV) 
See e.g., arXiv:2011.05639 and arXiv:1911.03781

Above top-quark pair threshold the H/A → tt is typically dominant decay, leading to strong limits, and 
extending the sensitivity to strong first-order phase transition regime

DG, Kaladharan, Wu ’22
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Complementarity of the Higgstrahlung searches with other relevant classes of searches at the HL-LHC 

DG, Kaladharan, Wu ’22

Combined results
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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

     BNL - 10.26.2023
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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 has not be undertaken

Entanglement and Bell’s Inequalities with 
Boosted Top Quarks
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Top quark pair production is an optimal candidate for these studies
See as well talks by Claudio Severi, Kun Cheng, Oliver Baker, Giulia Negro (CMS), Yoav Afik (ATLAS)

Entanglement and Bell’s 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 today
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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:

Spin analyzing power: maximum for charged leptons 
                                   and down-type quarks

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

1

�f

d�f

d cos ✓f
=

1

2
(1 + !f cos ✓f )

!f

l+, d

1

b
�0.4

⌫, u

�0.3

— —

Decay product f

Top quark spin

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

✓f
t
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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 
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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="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 Spin 
correlations

Entanglement Bell’s inequalities
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Quantum Entanglement
<latexit sha1_base64="0NaoWDrkbtuwEiyijaGT8/pmkI4="></latexit>

Since for the tt̄ system Bi = B̄i = 0 and Cij = Cji (P and CP) and C13 ' C23 '
0 (helicity basis), we obtain some simple su�cient conditions for 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>
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<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>
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<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
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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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Three reasons to study the 
boosted semileptonic tt final state 

i) Semi-leptonic top pair has an event rate higher than that of the dileptonic process, 
making it a more effective probe for the high-energy regime 

Dong, DG, Kong, Navarro ‘23



Dorival Gonçalves      BNL - 10.26.2023Dorival Gonçalves

Three reasons to study the 
boosted semileptonic tt final state 

ii) Boosted top quark regime nicely matches with both entanglement and CHSH probes. 
High transverse momentum results in large top tagging efficiency and small fake rate for 
top tagging (e.g., HEPTopTagger)

Dong, DG, Kong, Navarro ‘23
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Three reasons to study the 
boosted semileptonic tt final state 

iii) In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify the optimal hadronic direction 

<latexit sha1_base64="yp/cWbt5XObf2sGm6fzmEeav4Vs="></latexit>
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Top quark spin

<latexit sha1_base64="oOcUSgSvOxX36Qfmy5MJdeq1G+s=">AAAB73icbZDJSgNBEIZ74hYTl6hHL4NR8BRmBJdj0IvHCGaBZAg9nZqkSU/P2F0TCENewosHRbz6Ar6Ab+DNB9GzneWgiT80fPx/FV1Vfiy4Rsf5tDJLyyura9n1XH5jc2u7sLNb01GiGFRZJCLV8KkGwSVUkaOARqyAhr6Aut+/Guf1ASjNI3mLwxi8kHYlDzijaKxGC3uAtB20C0Wn5ExkL4I7g2L58OvtfZD/rrQLH61OxJIQJDJBtW66ToxeShVyJmCUayUaYsr6tAtNg5KGoL10Mu/IPjJOxw4iZZ5Ee+L+7khpqPUw9E1lSLGn57Ox+V/WTDC48FIu4wRBsulHQSJsjOzx8naHK2AohgYoU9zMarMeVZShOVHOHMGdX3kRaicl96x0euMWy5dkqizZJwfkmLjknJTJNamQKmFEkHvySJ6sO+vBerZepqUZa9azR/7Iev0B4xuUUQ==</latexit>
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<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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Three reasons to study the 
boosted semileptonic tt final state 

iii) In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify the optimal hadronic direction 
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Top quark spin<latexit sha1_base64="oOcUSgSvOxX36Qfmy5MJdeq1G+s=">AAAB73icbZDJSgNBEIZ74hYTl6hHL4NR8BRmBJdj0IvHCGaBZAg9nZqkSU/P2F0TCENewosHRbz6Ar6Ab+DNB9GzneWgiT80fPx/FV1Vfiy4Rsf5tDJLyyura9n1XH5jc2u7sLNb01GiGFRZJCLV8KkGwSVUkaOARqyAhr6Aut+/Guf1ASjNI3mLwxi8kHYlDzijaKxGC3uAtB20C0Wn5ExkL4I7g2L58OvtfZD/rrQLH61OxJIQJDJBtW66ToxeShVyJmCUayUaYsr6tAtNg5KGoL10Mu/IPjJOxw4iZZ5Ee+L+7khpqPUw9E1lSLGn57Ox+V/WTDC48FIu4wRBsulHQSJsjOzx8naHK2AohgYoU9zMarMeVZShOVHOHMGdX3kRaicl96x0euMWy5dkqizZJwfkmLjknJTJNamQKmFEkHvySJ6sO+vBerZepqUZa9azR/7Iev0B4xuUUQ==</latexit>
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<latexit sha1_base64="exErX8FzBs8agf8nMSfreNn71YY=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu6KblxWsA9oQ5lMJ+3QSSadmQgl9CfcuFDErb/jzr9x+hBU9MCFwzn3cu89YcqZ0gh9WCura+sbm4Wt4vbO7t5+6eCwqUQmCW0QwYVsh1hRzhLa0Exz2k4lxXHIaSscXc/81j2VionkTk9SGsR4kLCIEayN1B73ciUiPe2VysiuVpHn+RDZFeS6XsUQdO76vgMdG81RBkvUe6X3bl+QLKaJJhwr1XFQqoMcS80Ip9NiN1M0xWSEB7RjaIJjqoJ8fu8UnhqlDyMhTSUaztXvEzmOlZrEoemMsR6q395M/MvrZDryg5wlaaZpQhaLooxDLeDsedhnkhLNJ4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bubArt165drWMowCOwQk4Aw64BDVwA+qgAQjg4AE8gWdrbD1aL9bronXFWs4cgR+w3j4BAgOQog==</latexit>qsoft
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Three reasons to study the 
boosted semileptonic tt final state 

iii) In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify the optimal hadronic direction 
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<latexit sha1_base64="exErX8FzBs8agf8nMSfreNn71YY=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu6KblxWsA9oQ5lMJ+3QSSadmQgl9CfcuFDErb/jzr9x+hBU9MCFwzn3cu89YcqZ0gh9WCura+sbm4Wt4vbO7t5+6eCwqUQmCW0QwYVsh1hRzhLa0Exz2k4lxXHIaSscXc/81j2VionkTk9SGsR4kLCIEayN1B73ciUiPe2VysiuVpHn+RDZFeS6XsUQdO76vgMdG81RBkvUe6X3bl+QLKaJJhwr1XFQqoMcS80Ip9NiN1M0xWSEB7RjaIJjqoJ8fu8UnhqlDyMhTSUaztXvEzmOlZrEoemMsR6q395M/MvrZDryg5wlaaZpQhaLooxDLeDsedhnkhLNJ4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bubArt165drWMowCOwQk4Aw64BDVwA+qgAQjg4AE8gWdrbD1aL9bronXFWs4cgR+w3j4BAgOQog==</latexit>qsoft
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Three reasons to study the 
boosted semileptonic tt final state 

iii) In the high-energy regime, boosted techniques can be employed to tag the hadronic top 
and efficiently identify the optimal hadronic direction 
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Analysis

- Boosted top tagging (HEPTopTagger)
Plehn, Spannowsky, Takeuchi, Zerwas ‘10

- Proxy for down-quark: optimal hadronic polarimeter

- Lorentz Boost Network: determines which of
 the subjects is b-tagged

Some key ingredients for the analysis:

HEPTopTagger
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LHC Projections

Entanglement: 

Current dataset can probe entanglement at 5-sigma level!
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 
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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
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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
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We are just at the beginning

28th September 2023
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Precision BSM

Higgs-top

Summary
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Precision BSM

Higgs-topSummary

LHC provides a unique opportunity to study entanglement and violation of Bell’s inequalities at 
high energy scales 

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

H, A→ tt: smoking gun signature for SFOEWPT at HL-LHC with gluon fusion and Higgstrahlung production

We are just at the beginning.  ATLAS announced last month the measurement of entanglement at LHC 
Bell/CHSH violation may be probed at 4-5 sigma level at the HL-LHC

Direct probe: ttH channel. Multivariate analysis problem. Top quark polarization observables 
uplift analysis from a raw rate to a polarization study  

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

The search for new sources of CPV is one of the cornerstones of the Higgs program

LHC shows sensitivity when discriminating between SMEFT and HEFT CPV in top-Higgs sector


