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! Baryon Asymmetry of the Universe by EWBG : too small CPV in the SM"

! Consider the possibility: new CPV phases exist in an extended Higgs sector
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Higgs potential CPV              Yukawa CPV

Finite  
temperature Baryon Asymmetry of the Univ.

Zero  
temperature Electric Dipole Moment

Cancelation by interference
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→ CPV source of BSM required
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Higgs potential (without Z2 sym.) 

Higgs basis

Yukawa couplings
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Higgs alignment λ6=0(=μ3)  ⇄  No mixing among Higgses 125GeV  
                                                     Higgs measurements indicate SM like

 →  4 complex parameters remain
Yukawa alignment to avoid FCNC at tree level

Mass Matrix
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u A

Hu-

For 6 modes (HA, HH±, AH±, H+H-)  
   ~ 10-500 fb at 13 TeV LHC 

(mH ～ 300GeV)

Neutral
Charged

Heavy higgs also decay via

→ 4τ lepton events expected

Cross section fixed only by the masses

103 5-10 Events at  139fb-1

→ No dependence on Yukawa param.

(BR depends on Yukawa param.)
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BR is determined by the ζ parameters

Easy to understand the BR behavior by separating fermion/gauge boson modes.

(For T parameter constraints, Charged Higgs and one of Neutral Higgses degenerated)

Neutral Higgs Charged Higgs
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Large ττ BR  
constrained by LHC  
multi lepton searches

Type X interpretation:

excluded

Various flavor constraints make the parameter space finite
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Currently, 

[ light charged H ]

BP in previous work
Type X like
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reachable
At HL-LHC multilepton
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At ΔM ~ mW, mZ the situation changes :  
  difference between light/heavy H± more significant when open
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mH 3 ! mH 2 = mH ±

If H+ exists below, H2 decay into H+ → τν：fewer leptons
→ heavier H+ provides stronger constraints (H→ττ, bb, H+→ τν, tb)

[ heavy charged H ][ light charged H ]

All 6 modes produced similar in size



�$�V�S�S�F�O�U���-�)�$���C�P�V�O�E�T
<latexit sha1_base64="lACxYK+hn3W9aDWSBXPtUQR4p/g="></latexit>

! m = mH 2 ! mH 3

ΔM ~ mW, mZ 
situation changes
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[ light charged H ]

Type X interpretation:
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! e = tan " ! 2 excluded at HL-LHC

Multi-lepton sensitivity  
weaker
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[ heavy charged H ]

ΔM ~ mW, mZ 
situation changes

Heavier H+ set stronger constraints 
(H→ττ, bb, H+→ τν, tb)
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! e = tan " ! 1Type X interpretation: excluded at HL-LHC

Multi-lepton sensitivity  
stronger
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Type X-like case, lighter charged Higgs case(             ) constrained weaker. 
At HL-LHC almost all parameter space reachable below 2mt.

S. Kanemura, M.T., K. Yagyu [Phys.Rev.D 105 (2022) 11, 115001]
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Can we use bbττ mode？
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Can we use bbττ？ Large ttbar BG ~ 900pb
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Chargino-neutralino, Chargino-chargino searches at LHC in multi-tau SRs 
already exclude the type-X and aligned 2HDMs to explain muon g-2.

S. Iguro, T. Kitahara, M. Lang, M.T. [arXiv:2304.09887 [hep-ph]]

Figure 1. The leading-order contributions to the muong! 2 in the µ2HDM (left), µ! 2HDM
(right), and type-X 2HDM and FA2HDM (bottom). The bottom diagram is the two-loop
Barr-Zee diagram wheref = ! , t.

is troublesome since the theory will be non-perturbative at less than 1 TeV.
On the other hand, only the lepton Yukawa couplings are enhanced by tan! in the

type-X 2HDM. Therefore, the constraints fromB-meson decays are weaker compared
to the type-II ones. The Yukawa structure in the type-X 2HDM is given by

" u =

"
2mui

v
#! 1 , " d =

"
2mdi

v
#! 1 , " e = !

"
2mei

v
#, (2.14)

with # = tan ! and all non-diagonal Yukawa couplings vanishing. Although tan! is
conventionally used, we will use the notation# in this article in order to allow for an
easy comparison with the other 2HDM scenarios.

2.2 Flavor-aligned 2HDM

In the ßavor-aligned 2HDM (FA2HDM), it is assumed that the Yukawa interactions
of the additional scalars are proportional to mass matrices (" f # yf ); both the " f

and yf matrices are simultaneously diagonalized in the Lagrangian of Eq. (2.11) [46].
Therefore, tree-level FCNCs are absent in this model.#6 Viable UV models for the
ßavor alignment condition are discussed in Refs. [84,85].

#6 Even if one imposes the ßavor alignment at tree-level, FCNCs are in general induced radia-
tively, in particularly by the renormalization group evolutions (RGEs). However, these RGE-induced
FCNCs are shown to be too small to be probed at current experiments [82,83].
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Figure 2. The parameter plane of ! and mA in the type-X 2HDM. The cyan and blue
regions can accommodate the muong ! 2 anomaly at the 1" and 2" levels, respectively.
The region to the left of the green, purple, and brown lines is excluded by the# decay,
Z decay, and scalar bremsstrahlung constraints, respectively. TheBs " µ+ µ! constraint
excludes the region to the left of the red line. We takemH = mH ± = 250 (300) GeV on the
left (right) panel.

for mh # 2mA and the tree-levelh " AA partial decay width is given as

! (h " AA) =
! 2

hAA v2

32" mh

!

1 !
4m2

A

m2
h

. (3.1)

Recent Higgs width measurements restrict the trilinear Higgs coupling to [86,87]

|! hAA | $ 0.03. (3.2)

A more stringent limit |! hAA | ! 0.01 is obtained formA $ 21 GeV based on searches
for h " AA " µ+ µ! #+ #! decays [88]. Since the non-discovery ofH ± prefers large
mass di" erences between the CP-odd and charged scalars,O(1) couplings in the Higgs
potential are necessary, see Eq. (2.8). Therefore, Eq. (3.2) requires parameter tuning
at the 1% level.

In Fig. 2, we show the parameter regions where the muong ! 2 anomaly can be
explained at the 1$ and 2$ level by the cyan and blue regions, respectively. We take
mH = mH ± = 250 (300) GeV on the left (right) panel.

In the regime of large lepton couplings in the type-X 2HDM, the tau (leptonic
and hadronic) decays are modiÞed by tree-level and one-loop corrections from the
additional scalars. The tree-level and one-loop corrections have been calculated in
Refs. [36,89]. Relevant formulae and the current experimental data are summarized
in Appendix A.2. Since the corrections from the additional scalars are suppressed
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Figure 3. The exclusion factor (! type ! X
vis / ! 95%

vis ) obtained by the MSSM ÷" ± ÷" 0 searches at the
LHC and BR( H ! #+ #! ) are shown in the solid and dashed contours, respectively, in the
type-X 2HDM. The parameter $ is Þxed to explain the muong " 2 anomaly at the 0! (left
panel) and " 2! (right panel) levels, corresponding toaNP

µ = 25.1# 10! 10 and 13.3# 10! 10,
respectively. The pale blue region in the bottom-right corner corresponds tomH < m A .

events with same-sign! signatures, respectively. We only take the largest of these
SRs. We Þx" (= tan #) as to reproduce! aµ at the 0$ (left panel) and " 2$ lev-
els (right panel), corresponding toaNP

µ = 25.1 # 10! 10 and 13.3 # 10! 10, respec-
tively. The contours in dotted lines show the expected value of BR(H ! ! + ! ! ).
The results show that the interesting regions for the muong " 2 anomaly are com-
pletely excluded and it is di" cult to save this model unless new decay modes are
introduced. We also checked that selecting any values of BR(H ! ! + ! ! ) and
BR(H ± ! !%) results in the whole region of the depicted plane being excluded as long
as BR(H ! ! + ! ! ) + BR( H ! ZA) = 1 and BR(H ± ! !%) + BR( H + ! W + A) = 1.
Even if setting BR(H ! ! + ! ! ) = BR( H ± ! !%) = 0, the lowest value of the
exclusion factor is about 1.6. These results are the updated plots of Fig. 7 in Ref. [38].

Finally, we show the same exclusion factor deÞned above in the"ÐmH (= mH ± )
plane with ÞxedmA = 30 GeV in Fig. 4. In general, if (mH " mA ) > m Z , mW , the
exclusion factor becomes stronger if the ratio" /m H increases. This is due to the larger
production cross sections and the larger! -branching ratio, respectively, because the
acceptance in the relevant SRs is larger in the tau modes. If (mH " mA ) < m Z , mW ,
speciÞcally atmH = 100 GeV in this plot, the exclusion factor weakens although still
larger than ten. The cyan and blue regions can explain the muong " 2 anomaly
at the 1$ and 2$ levels, respectively. One can also see explicitly that even for
BR(H ! ! + ! ! ) = BR( H ± ! !%) = 0, which is equivalent to the " ! 0 limit, the
exclusion factor is always more than 1, with the minimum around 2 in the bottom-
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Light A (mA~ 30GeV) is known as a possible solution to explain muon g-2 

https://arxiv.org/abs/2304.09887
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→ At LHC, can we discover the heavy higgses? Current reaches? 
　 Can we measure the masses？

S. Kanemura, M. Kubota, K. Yagyu [JHEP!08!(2020)!026]

using azumuthal angle dist. in H2H3→(bb)(ττ)
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The former study : O(1) phases compatible to EDM constraints with heavy Higgses ~ 300GeV

At ILC, ζe phase measurements

assuming the heavy higgs masses measured at LHC
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Various flavor constraints make the parameter space finite
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