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- CP violating top Yukawa from effective Lagrangian

-LHC searches and e e* collider prospect —p muon collider process
- Gauge invariant Lagrangian from a dimension-6 operator

Unitarity constraints

- Individual diagram contributions in the Feynman-Diagram gauge
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Direct measur'emen‘r of a CP violating top-Higgs Yukawa Lagr'cmglan at

LHC and e’e” collider
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Top Yukawa processes at muon collider
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v, U, ttH at future muon collider
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Dominate sub-diagrams w; w;,” — ttH
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Gauge invariant formulation: Models like two Higgs doublet models,etc
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A gauge invariant top Yukawa sector

Dimension-6 operator
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w-pt = v, v ttH in SMEFT
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Perturbative Unitarity

In the SM, gq\y = m,/v, unitarity should be valid at all scales

When & # 0, perturbation unitarity can be violated at /s > 0 (—
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Unl‘rar'lty bound
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Feynman-Diagram (FD) gauge

» Weak bosons are 5-components W:M=(W** 1), unlike in R gauge, EOM mixes W* and m*

* FD gauge propagator

j —8uy + Gy 7 Ty P n(q)kp = (sgn(q"), —q/1q1)
GMN(q)= 2 7, mf"lzyq "4 M, N = 0 to 4
g —m- + 1€ i 1 ’ ’

n-q
* Helicity +1 states don't mix with the Goldstone boson. Helicity O state is a mixture of

Qn' _ q" i
n-q _Elu((.bh_o) Qa Q_ ‘qz‘

and the Goldstone boson.

* Because the Goldstone bosons are parts of the physical weak boson, all Goldstone boson
vertices contribute to the scattering amplitudes in the FD gauge

1] Kaoru Hagiwara, Junichi Kanzaki and Kentarou Mawatari, ‘QED and QCD helicity amplitudes in Parton-shower gauge.’ Eur.Phys.J.C 80(2020) 6, 584
2] Junmou Chen, Kaoru Hagiwara, Junichi Kanzaki and Kentarou Mawatari, ‘Helicity amplitudes without gauge cancellation for electroweak processes’Eur.Phys.J.C 83 (2023).
3] Junmou Chen, Kaoru Hagiwara, Junichi Kanzaki, Kentarou Mawatari and YJZ, ‘Helicity amplitudes in light-cone and Feynman-diagram gauges’Eur.Phys.J.Plus 139 (2024).




FD gauge

o(u~ M+ - vyV,ttH) [fb] in U gauge
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In the unitary gauge, the high energy

dominance of VBF diagrams are understood

from GBET but there are subtle gauge

cancellation between VBF and other diagrams.
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Because the Goldstone bosons are parts of
the physical weak boson, all Goldstone
boson vertices contribute to the scattering
amplitudes in the FD gauge

* In this process, e.g.
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and dominates the total cross section
because of its dim-6 property.

In the FD gauge, VBF-diagram dominance at
high energy is manifest and specifically for
the highest dimensional interaction, dim-6

ttHWW.

For arbitrary gauge models, automatic generation of FD gauge is available in Madgraph by command ‘set gauge FD’.



Summary

+ We identify the cause of a power law increase of the y'u* — vvttH cross section when the top Yukawa coupling

is complex as due to the power law increase of the weak boson fusion sub process cross section, which is a
consequence of gauge non-invariance of the dimension four Lagrangian.

+ We identify the dimension-six SMEFT operator which gives a gauge invariant description for complex Yukawa
coupling and confirm that the total cross section for W W — ttH satisfies the Goldstone Boson Equivalence

Theorem.

+ We obtain a novel perturbative unitarity bound on the SMEFT operator by summing over all 2 - 2 and 2 — 3

processes which contribute to the J=0 HH — HH amplitude.

* In the Feynman-Diagram gauge, the cross section is dominated by the WBF diagrams making the GBET
manifest.



