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Background
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Theoretical requirements

Experimental observations

Extension of SM Higgs sector 4

3

2

1 Dark matter

Tiny neutrino mass

Strong first-order EWPT

(Gravitational wave)

CP violation (CKM, Baryogenesis)

Call for New Physics:
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WIMP dark matter
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Boveia et al., arXiv:2210.01770



WIMP direct detections

直接探测的摩尔定律

Experiments:
1. PandaX
2. CDEX
3. XENON
4. LUX
5. ICECUBE
6. …

中微子本底

PandaX-4T, PRL 127, 261802 (2021).2022/11/9 6

Jia Liu, Xiao-Ping Wang, and Ke-Pan Xie, 
arXiv:2203.10046.



First-order electroweak phase transition (EWPT)
Evolution of the Universe
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空间引力波探测：
1.太极计划
2.天琴计划
3.LISA
4.BBO…

天琴计划
太极计划
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C. W. Chiang, D. Huang, and B. Q. Lu,
JCAP 01 (2021) 035



Ø PT in Georgi-Machacek model: Gravitational wave

T. K. Chen, C. W. Chiang, C. T. Huang, and B. Q. Lu PRD 106 055019 (2022).
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Ø PT in GM model: LHC constraints and detections

T. K. Chen, C. W. Chiang, C. T. Huang, and B. Q. Lu PRD 106 055019 (2022).
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Perturbative Unitarity

1. Consider the the scalar scattering processes                   .
2. In terms of the partial wave decomposition, the scattering 

amplitude is given by:

3. The scattering cross section: 
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• The unitarity constraint
or

with

• For J=0 s-wave

Perturbative Unitarity

four point vertex

+
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• In the high energy limit the contributions from s-, t-, u-channel 
can be neglected

• Equivalence Theorem: at very high energy, the amplitude of 
scattering processes involving longitudinal gauge bosons in the 
initial and final states are equivalent to those in which these 
gauge bosons are replaced by the corresponding Nambu-
Goldstone bosons.

• Unitarity bound:

Perturbative Unitarity

J. M. Cornwall, et al., PRL 30, 1268 (1973); PRD10, 1145 (1974). 
Y. P.  Yao, C. P.  Yuan, PRD 38, 2237 (1988). 
Z. H. G. J.  Veltman, PRD 41, 2294 (1990). 
H. J. He, Y. P. Kuang, and X. Li, PRL 69, 2619 (1992).
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Bases of scattering matrices
• We decompose the direct product of two Higgs multiplets into its 

direct sum of the irreducible representation

Not normalization!
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Bases of scattering matrices
Not normalization!
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Bases of scattering matrices
Not normalization!
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Bases of scattering matrices
• Classify the bases according to their total hypercharge Y and total 

isospin I (Y and I are conserved quantum numbers in the 
scattering at high energy).
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Bases of scattering matrices
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Bases of scattering matrices

2022/11/9 20



Bases of scattering matrices
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Scattering matrix

• The extension of 2HDM with a real triplet
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Scattering matrix

2022/11/9 23



Scattering matrix

• The extension of 2HDM with a complex triplet
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Scattering matrix
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Application

• CP-conserving 2HDM with softly broken Z2 symmetry (R2HDM)

The recent global 
fit to the Higgs 
signal strengths 
and flavor 
observations have 
restricted:
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Application
• CP-violation 2HDM with softly broken Z2 symmetry (C2HDM)
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Application

• Muon g-2 in extension of 2HDM with a complex triplet 

C. H. Chen, C. W. Chiang and T. Nomura,
Phys. Rev. D 104, no.5, 055011 (2021)
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Application
• Muon g-2 in extension of 2HDM with a complex triplet 
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Summary

• Extensions of Higgs sector are the promising direction for 
resolving the problems of dark matter, first-order EWPT, neutrino 
mass... 
• Constraints on the extensions of Higgs sector from the 

perturbative Unitarity.
• We construct the bases and scattering matrices for the model with 

two Higgs doublets and a (real/complex) triplet.
• Applications.
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Thanks a lot for your attention! 
谢 谢!


