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The physics of the top quark is a missing and generally misunderstood 
aspect of the physics of e+e- linear colliders.


Not all, but many, models of new physics beyond the SM predict 
modifications of the electroweak couplings of the top quark. This 
leaves a significant opportunity for the discovery of BSM physics in the 
precision study of the top quark.


The effects are intimately connected to the mechanism of top quark 
mass generation.  Thus they are connected to the BSM theory of the 
HIggs boson and its properties. These effects are potentially an 
independent source of information about the origin of electroweak 
symmetry breaking and the generation of the fermion mass hierarchy.
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The large mass of the top quark raises an important question that is not 
often asked about the SM:


Is the top quark a light quark or a heavy quark?


That is, can the top quark interaction with electroweak symmetry 
breaking be treated simply in perturbation theory, or does the top quark 
couple to new strong interactions ?


The value of the top quark Yukawa coupling is


(smaller than the QCD coupling).   The typical size of radiative 
corrections from new physics is then


This is correct for typical SUSY models and 2-Higgs-doublet models.
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However, it might be that the Higgs boson is composite at some 
energy scale.   In such models, there are strong interaction effects at 
high energies.  These can couple to the top quark and can play a role 
in generating to large top quark mass.


Three distinct scenarios can come in to play:


Mixing of the top quark with heavy top quark partners.


Mixing of the      system with a high-mass resonance.


New BSM interactions coupling the top quark with other fermions.


All of these effects can potentially enter in the effective Lagrangian 
with a coefficient
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These effects are not easy to observe in proton-proton collisions.


The bulk of top quark pair production is through             .   The       
coupling is constrained by the QCD Ward identity.   SMEFT effects 
enter at dimension 8.


Coupling of the t to the Z  and W have backgrounds from single top + V 
production and single top + WZ.  Currently, the uncertainty in the 
relevant SMEFT couplings are  ~                .     Expectations from de 
Blas et al., arXiv/2206.08326 are


LHC has difficulty distinguishing L vs. R-handed couplings.  At ILC, this 
is straightforward using beam polarization.
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pp collisions can search for     resonances.  But the search range is 
limited, and the theory cross section is uncertain due to modelling 
effects and the dependence on the g parton distribution at large x.

arXiv:2202.12134 arXiv:2205.02817
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In Little Higgs models, the top quark is a mixture of a chiral and a 
vectorlike heavy quark.  


In the Higgs potential, the loop effects of these two quarks cancel at 
large momentum, to solve the hierarchy problem. 


The top quark couplings to W and Z are decreased by the effect of 
mixing.
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Berger, Perelstein, and Petriello, hep-ph/0512053

Effects of mixing of t with T in Little Higgs models:

Excuse me that the plot is dated; we now talk about 4000 fb-1 total 
integrated luminosity at 500 GeV.



anomaly due to R
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If the top is composite with a     resonance at a high mass, the top quark 
will have a form factor:
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This is an                 correction, visible as a difference in the 
top quark Yukawa coupling from the value predicted from        . 
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In models with extra dimensions, the recurrences of the 
γ and Z will create new couplings that can link top 
quark to light fermion initial states such as          .    
This effect generates effective 4-fermion contact 
interactions, which can have general chiral structure.


The relevant class of models includes Randall-Sundrum 
models with gauge bosons in the 5-d bulk.   These 
models are dual to 4-d strongly interacting models in 
which the heavy strong interaction resonances have 
chiral couplings.  This gives another interpretation of 
observed BSM contact interactions.


An important question is:  Which couples more strongly 
to the KK recurrences, or, equally well, which is more 
composite,      or      ?
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tR
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effect of contact interactions in a particular Randall-Sundrum 5-d model:

MEP and Yoon, arXiv:1811.07877

ILC precisions from Amjad et al.   arXiv:1505.06020
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These effects are also visible in                  , even in the 250 GeV run.


    But, the effects are much larger in higher energy running. 

<latexit sha1_base64="mqwfu1LzJ8cBMm74kUhk7FzeXQk=">AAAB+3icbVDJSgNBEO2JW4zbGI+CNAZBEMOMh+hBMODFYwJmgWQSejo1SZOehe4eMQw5+htePCjiVfDqL3jzG/Qj7CwHTXxQ8Hiviqp6bsSZVJb1aaQWFpeWV9KrmbX1jc0tcztblWEsKFRoyENRd4kEzgKoKKY41CMBxHc51Nz+5civ3YCQLAyu1SACxyfdgHmMEqWltpmF1hG0jnFThdhtukRgt23mrLw1Bp4n9pTkLt6/7vbeyt+ltvnR7IQ09iFQlBMpG7YVKSchQjHKYZhpxhIiQvukCw1NA+KDdJLx7UN8oJUO9kKhK1B4rP6eSIgv5cB3dadPVE/OeiPxP68RK+/MSVgQxQoCOlnkxRzrR0dB4A4TQBUfaEKoYPpWTHtEEKp0XBkdgj378jypnuTtQr5QtnLFczRBGu2ifXSIbHSKiugKlVAFUXSL7tEjejKGxoPxbLxMWlPGdGYH/YHx+gMyqpe1</latexit>

e+e� ! bb̄

Analysis of the gauge-Higgs unification model of Hosotani et al. 
by Irles et al, arXiv:2403.09144
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All of these effects are reflected in a SMEFT fit to the data on top quark 
pair production.


mixing effects and       vector/axial form factors


    scalar form factor


four fermion contact interactions


For a proper physics interpretation, it is important that these operator 
effects be distinguished from one another.

<latexit sha1_base64="ckUvbUwuz3ze9qhzVE6xE+XnKUQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTrYD6gmOChX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx7oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5r+TodCcoZxaQpkW9lbCxlRThjahkg3BW315nbSvql6tWnu4rjRu8ziKcAbncAke1KEB99CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QMH9Y9e</latexit>

tt̄

<latexit sha1_base64="ckUvbUwuz3ze9qhzVE6xE+XnKUQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTrYD6gmOChX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx7oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5r+TodCcoZxaQpkW9lbCxlRThjahkg3BW315nbSvql6tWnu4rjRu8ziKcAbncAke1KEB99CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QMH9Y9e</latexit>

tt̄

<latexit sha1_base64="TGOiqKmuKrgJlbceBiEJysJJrCU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYygvmQ5Ah7m71kyd7esTsnhCO/wsZCEVt/jp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YCThPsRHSoRCkbRSo+sn2EvGYlpv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/nBU3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMr/1MqCRFrthiUZhKgjGZfU8GQnOGcmIJZVrYWwkbUU0Z2oxKNgRv+eVV0rqoerVq7f6yUr/J4yjCCZzCOXhwBXW4gwY0gUEEz/AKb452Xpx352PRWnDymWP4A+fzByhakKQ=</latexit>ct�

<latexit sha1_base64="9ZznUn4/GdS/CmHMrP2a4PNb5h4=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxCBQmJSnXhouDGZQv2Am0Mk+mkHTqZhJmJUELewo2v4saFIm5159s4bbPoxR8Gfr5zDmfO78eMSmXbv8bK6tr6xmZhq7i9s7u3bx4cNmWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlD+/G9dYTEZJG/EGNYuKGqM9pQDFSGnmmhb20Gw8orGePadk5y87hHLmcJSrzzJJt2RPBZePkpgRy1Tzzp9uLcBISrjBDUnYcO1ZuioSimJGs2E0kiREeoj7paMtRSKSbTu7K4KkmPRhEQj+u4ITOTqQolHIU+rozRGogF2tj+F+tk6jgxk0pjxNFOJ4uChIGVQTHIcEeFQQrNtIGYUH1XyEeIIGw0lEWdQjO4snLpnlhORWrUr8qVW/zOArgGJyAMnDANaiCe1ADDYDBM3gF7+DDeDHejE/ja9q6YuQzR2BOxvcffZyeQQ==</latexit>

c(1)�Q, c
(3)
�Q, c�t

<latexit sha1_base64="AV85oRnh7/8LtuDHyh5LoX9hizY=">AAACGHicbZBLS8NAEMc39VXrK+rRy2IRKkhNVKoHDwUvHluwD2hj2Gw37dLNJuxuhBLyMbz4Vbx4UMRrb34bt23w0Tqw8Jv/zDA7fy9iVCrL+jRyS8srq2v59cLG5tb2jrm715RhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWN7yZ1FsPREga8js1iogToD6nPsVIack1T7GbMFhP75OSfZyewJ/0/DtVM4BEk2sWrbI1DbgIdgZFkEXNNcfdXojjgHCFGZKyY1uRchIkFMWMpIVuLEmE8BD1SUcjRwGRTjI9LIVHWulBPxT6cQWn6u+JBAVSjgJPdwZIDeR8bSL+V+vEyr9yEsqjWBGOZ4v8WJ8awolLsEcFwYqNNCAsqP4rxAMkEFbay4I2wZ4/eRGaZ2W7Uq7UL4rV68yOPDgAh6AEbHAJquAW1EADYPAInsEreDOejBfj3fiYteaMbGYf/Alj/AXxcp3X</latexit>

c(1)lQ , c(3)lQ , clt, cet
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Unfortunately, the effects of the form factor or mixing-type 
operator coefficients        are the essentially same as the effects of 
the four-fermion coefficients       at any given energy in                   
above the      threshold.  


Fortunately, these terms have different CM energy-dependence, 
with the form factor operators effects staying constant while the 
contact interaction effects increase as           .   Thus it is important 
to have substantial running at 2 CM energies well above the      
threshold.

<latexit sha1_base64="bwB4VmqBuj0AAIkZIEe8iCeCBMk=">AAAB+3icbVDJSgNBEO2JW4xbjEdBGoMgiGHGQ/QgGPDiMQGzQDZ6OpWkSc9Cd40YQo7+hhcPingVvPoL3vwG/Qg7y0ETHxQ83quiqp4bSqHRtj+t2MLi0vJKfDWxtr6xuZXcTpV0ECkORR7IQFVcpkEKH4ooUEIlVMA8V0LZ7V2O/PINKC0C/xr7IdQ91vFFW3CGRmomU9A4gsYxrWFAseYyRbGZTNsZeww6T5wpSV+8f93tvRW+883kR60V8MgDH7lkWlcdO8T6gCkUXMIwUYs0hIz3WAeqhvrMA10fjG8f0gOjtGg7UKZ8pGP198SAeVr3Pdd0egy7etYbif951QjbZ/WB8MMIweeTRe1I0tGjJgjaEgo4yr4hjCthbqW8yxTjaOJKmBCc2ZfnSekk42Qz2YKdzp2TCeJkl+yTQ+KQU5IjVyRPioSTW3JPHsmTNbQerGfrZdIas6YzO+QPrNcfaaaX2Q==</latexit>

e+e� ! tt̄
<latexit sha1_base64="ckUvbUwuz3ze9qhzVE6xE+XnKUQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTrYD6gmOChX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx7oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5r+TodCcoZxaQpkW9lbCxlRThjahkg3BW315nbSvql6tWnu4rjRu8ziKcAbncAke1KEB99CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QMH9Y9e</latexit>

tt̄

<latexit sha1_base64="47yuhLk21mEtv0g7aY4SIdIJAsc=">AAAB8XicbVC7SgNBFL3rM8ZX1FKLwSDEJuymiBYWAREsI5gHJjHMTmaTITOzy8ysEJZ8QxobC0Vs/Qs/wc4PsXfyKDTxwIXDOfdy7z1+xJk2rvvlLC2vrK6tpzbSm1vbO7uZvf2qDmNFaIWEPFR1H2vKmaQVwwyn9UhRLHxOa37/cuzXHqjSLJS3ZhDRlsBdyQJGsLHSXe6qnRAxPL0vtDNZN+9OgBaJNyPZ0tGomfv+GJXbmc9mJySxoNIQjrVueG5kWglWhhFOh+lmrGmESR93acNSiQXVrWRy8RCdWKWDglDZkgZN1N8TCRZaD4RvOwU2PT3vjcX/vEZsgvNWwmQUGyrJdFEQc2RCNH4fdZiixPCBJZgoZm9FpIcVJsaGlLYhePMvL5JqIe8V88Ubm8YFTJGCQziGHHhwBiW4hjJUgICER3iGF0c7T86r8zZtXXJmMwfwB877D4c3k+E=</latexit>

(Ecm)2
<latexit sha1_base64="ckUvbUwuz3ze9qhzVE6xE+XnKUQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTrYD6gmOChX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx7oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5r+TodCcoZxaQpkW9lbCxlRThjahkg3BW315nbSvql6tWnu4rjRu8ziKcAbncAke1KEB99CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QMH9Y9e</latexit>

tt̄

<latexit sha1_base64="hsObpJ61K8/aH0Sd3EIKRfpFipQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKex6UA8eAoJ4ESKaByZLmJ3MJkNmZ5eZXiEs+QsvHhTx6t948yv8BSePgyYWNBRV3XR3BYkUBl33y8ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDn2G49cGxGrexwm3I9oT4lQMIpWemCdrJ30BcFRp1hyy+4EZJF4M1KqkJu774F/Ve0UP9vdmKURV8gkNabluQn6GdUomOSjQjs1PKFsQHu8ZamiETd+Nrl4RI6s0iVhrG0pJBP190RGI2OGUWA7I4p9M++Nxf+8VorhuZ8JlaTIFZsuClNJMCbj90lXaM5QDi2hTAt7K2F9qilDG1LBhuDNv7xI6idl77R8emvTuIAp8nAAh3AMHpxBBa6hCjVgoOAJXuDVMc6z8+a8T1tzzmxmH/7A+fgBg/+Txw==</latexit>c�t
<latexit sha1_base64="sfawyRY0WBO6f7UfkGrBYm9zM6g=">AAAB7nicbVA9SwNBEJ2LXzF+JVpJmsUgWIU7i2hhEbCxTMB8QHKEvc0mWbK3d+zOCeHIj7CxUMTWX2Nhp7/GzUehiQ8GHu/NMDMviKUw6LpfTmZjc2t7J7ub29s/ODzKF46bJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lx7cxvPXBtRKTucRJzP6RDJQaCUbRSi/VSTnDay5fcsjsHWSfekpSqhW7xu376UevlP7v9iCUhV8gkNabjuTH6KdUomOTTXDcxPKZsTIe8Y6miITd+Oj93Ss6t0ieDSNtSSObq74mUhsZMwsB2hhRHZtWbif95nQQH134qVJwgV2yxaJBIghGZ/U76QnOGcmIJZVrYWwkbUU0Z2oRyNgRv9eV10rwse5VypW7TuIEFslCEM7gAD66gCndQgwYwGMMjPMOLEztPzqvztmjNOMuZE/gD5/0HAiuSTg==</latexit>cet
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If we are to carry out searches for all types of BSM models at a Higgs 
factory, this set of measurements in                   must be included.  


We should not miss this additional opportunity that a Higgs factory gives 
us to find evidence for BSM physics and to clarify its nature.

<latexit sha1_base64="bwB4VmqBuj0AAIkZIEe8iCeCBMk=">AAAB+3icbVDJSgNBEO2JW4xbjEdBGoMgiGHGQ/QgGPDiMQGzQDZ6OpWkSc9Cd40YQo7+hhcPingVvPoL3vwG/Qg7y0ETHxQ83quiqp4bSqHRtj+t2MLi0vJKfDWxtr6xuZXcTpV0ECkORR7IQFVcpkEKH4ooUEIlVMA8V0LZ7V2O/PINKC0C/xr7IdQ91vFFW3CGRmomU9A4gsYxrWFAseYyRbGZTNsZeww6T5wpSV+8f93tvRW+883kR60V8MgDH7lkWlcdO8T6gCkUXMIwUYs0hIz3WAeqhvrMA10fjG8f0gOjtGg7UKZ8pGP198SAeVr3Pdd0egy7etYbif951QjbZ/WB8MMIweeTRe1I0tGjJgjaEgo4yr4hjCthbqW8yxTjaOJKmBCc2ZfnSekk42Qz2YKdzp2TCeJkl+yTQ+KQU5IjVyRPioSTW3JPHsmTNbQerGfrZdIas6YzO+QPrNcfaaaX2Q==</latexit>

e+e� ! tt̄


