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January 7, 2025, Colloquium @ ASIoP

Decadal Mission for the New Physics Higgs/Flavor Era
 — Searching for Extra Higgs Boson Effects in General 2HDM
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5 Merits

Searching for Extra Higgs Boson Effects in General 2HDM

0.  Our current impasse:

I.  General Two-Higgs Doublet Model (G2HDM)

No New P hysics (NNP )

Outline

(w/o Z2) 

More Dim-4’s (two extra sets of couplings) Don’t EFT yet!!
Take Home Msg
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1. Seen one Higgs Doublet  à A Second is a No-brainer.

2. Any added Assumption should cost 𝓞(α) in Likelihood.

à No Z2.

Augmented by fermion repetition.

Φ Φ′

Two Maxims
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Searching for Extra Higgs Boson Effects in General 2HDM

2nd攻頂

0.  Our current impasse:

I.  General Two-Higgs Doublet Model (G2HDM)

II.  Decadal Mission of the New Higgs/Flavor Era

No New P hysics (NNP )

Outline

5 Merits
(w/o Z2) 

More Dim-4’s (two extra sets of couplings)

ASP Midterm Report “my view for BSM”: pp → ttc(bar) ATLAS & CMS

Don’t EFT yet!!
Take Home Msg

III. Post-Midterm: pp → bH+ → btb(bar); ttt(bar) @ CMS
[t → ch & ttc(bar) redux

V. Discussion & Conclusion

IV. G2HDM as Next NP?! & w/lot’s of Flavor
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0. Our impasse

NoNew Physics

Adrian Cho

SM renormalizable up to Planck Scale.
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I. G2HDM

M①:	extra	top	Yukawas ρtt and ρtc ~ 1 and complex, can drive EWBG,
Higgs quartic self-couplings ηi at 𝓞(1), i = 1−7, provide 1stOPhTr

w/o Z2 à ∃ extra Yukawas: ρf

Quartics:  ηitwo identical weak doublets

M②:	CPV@	𝓞(1) needed for EWBG à vulnerable to eEDM (ACME’18 & JILA’23)
è Spectacular 2-loop diagrammatic cancellation

Fuyuto, WSH, Senaha PLB’18

Higgs-γ-γ* insertions
Fuyuto,WSH,SenahaPRD’20(R)

Merit

à |ρee/ρtt| ~ λe/λt

C
PV

the flavor code?

λtImρtt

arg ρee=− arg ρ tt

Kanemura, Okada, Senaha, PLB’05
(→ primordial GW!)

https://www.sciencedirect.com/science/article/abs/pii/S0370269304016570?via%3Dihub
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M①:	extra	top	Yukawas ρtt and ρtc ~ 1 and complex, can drive EWBG,
Higgs quartic self-couplings ηi at 𝓞(1), i = 1−7, provide 1stOPhTr (→ primordial GW!)

M②:	CPV@	𝓞(1) needed for EWBG à vulnerable to eEDM (ACME’18 & JILA’23)
è Spectacular 2-loop diagrammatic cancellation

Fuyuto, WSH, Senaha PLB’18

Higgs-γ-γ* insertions
M③:	Glashow worried about FCNCs, such as t → ch;

but with h < t, it is a “PDG” duty to search!
Curiously, t → ch remains elusive
— Nature threw in alignment (small h-H mixing)

to hide it so far! Who would have thought!?

WSH, PLB’92
flavor-protected

Glashow-Weinberg PRD’77

à |ρee/ρtt| ~ λe/λt

C
PV

Merit

the flavor code?

λtImρtt

Fuyuto,WSH,SenahaPRD’20 (R)

I. G2HDM w/o Z2 à ∃ extra Yukawas: ρf

Quartics:  ηitwo identical weak doublets

arg ρee=− arg ρ ttcγ

Kanemura, Okada, Senaha, PLB’05

https://www.sciencedirect.com/science/article/abs/pii/S0370269304016570?via%3Dihub
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M①:	extra	top	Yukawas ρtt and ρtc ~ 1 and complex, can drive EWBG,
Higgs quartic self-couplings ηi at 𝓞(1), i = 1−7, provide 1stOPhTr (→ primordial GW!)

M②:	CPV@	𝓞(1) needed for EWBG à vulnerable to eEDM (ACME’18 & JILA’23)
è Spectacular 2-loop diagrammatic cancellation

Fuyuto, WSH, Senaha PLB’18

Higgs-γ-γ* insertions
Fuyuto,WSH,SenahaPRD’20 (R)

M③:	Glashow worried about FCNCs, such as t → ch;
but with h < t, it is a “PDG” duty to search!
Curiously, t → ch remains elusive
— Nature threw in alignment (small h-H mixing)

to hide it so far! Who would have thought!?

WSH, PLB’92
flavor-protected

M④:	Small	cγ does	Not contradict	𝓞(1) quartics:
è Can argue that H, A, H+ populate 300−600 GeV.

WSH, Kikuchi EPL’18

Glashow-Weinberg PRD’77

à |ρee/ρtt| ~ λe/λt

cγ

C
PV

Merit

su
b-
Te
V

H
, A

, H
+

the flavor code?

λtImρtt

I. G2HDM w/o Z2 à ∃ extra Yukawas: ρf

Quartics:  ηitwo identical weak doublets

cγ

Kanemura, Okada, Senaha, PLB’05

arg ρee=− arg ρ tt

https://www.sciencedirect.com/science/article/pii/S0370269317309711?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.011901
https://www.sciencedirect.com/science/article/abs/pii/037026939290823M?via%3Dihub
https://iopscience.iop.org/article/10.1209/0295-5075/123/11001
https://www.sciencedirect.com/science/article/abs/pii/S0370269304016570?via%3Dihub
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M①:	extra	top	Yukawas ρtt and ρtc ~ 1 and complex, can drive EWBG,
Higgs quartic self-couplings ηi at 𝓞(1), i = 1−7, provide 1stOPhTr (→ primordial GW!)

M②:	CPV@	𝓞(1) needed for EWBG à vulnerable to eEDM (ACME’18 & JILA’23)
è Spectacular 2-loop diagrammatic cancellation

Fuyuto, WSH, Senaha PLB’18

Kanemura, Okada, Senaha, PLB’05

Higgs-γ-γ* insertions
M③:	Glashow worried about FCNCs, such as t → ch;

but with h < t, it is a “PDG” duty to search!
Curiously, t → ch remains elusive
— Nature threw in alignment (small h-H mixing)

to hide it so far! Who would have thought!?

WSH, PLB’92
flavor-protected

cγ

M④:	Small	cγ does	Not contradict	𝓞(1) quartics:
è Can argue that H, A, H+ populate 300−600 GeV.

WSH, Kikuchi EPL’18

Glashow-Weinberg PRD’77

M⑤:	With	t → ch cγ-suppressed  à Natural to pursue cg → tH/tA → ttc(bar)
à Better: cg → bH+ → btb(bar) [recoil b, not t]

à |ρee/ρtt| ~ λe/λt

Kohda, Modak, WSH PLB’18

Ghosh, WSH, Modak PRL’20

cγ

C
PV

Merit

the flavor code?

λtImρtt

sγ → 1

Fuyuto,WSH,SenahaPRD’20 (R)

I. G2HDM w/o Z2 à ∃ extra Yukawas: ρf

Quartics:  ηitwo identical weak doublets
su
b-
Te
V

H
, A

, H
+

arg ρee=− arg ρ tt

https://www.sciencedirect.com/science/article/pii/S0370269317309711?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0370269304016570?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/037026939290823M?via%3Dihub
https://iopscience.iop.org/article/10.1209/0295-5075/123/11001
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.221801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.011901
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II.  Decadal Mission of the New Higgs/Flavor Era
ASP Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

à Natural to pursue cg → tH/tA → ttc(bar) A/H → tc(bar), tt(bar)

2307.14759

2311.03261

Same-sign top pair + jet

Kohda, Modak, WSH PLB’18

March 2024

https://arxiv.org/abs/2307.14759
https://arxiv.org/abs/2311.03261
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
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à Natural to pursue cg → tH/tA → ttc(bar)
Same-sign top pair + jet

II.  Decadal Mission of the New Higgs/Flavor Era

2307.14759

2311.03261

Neither ATLAS                                    …                                             Nor CMS saw a signal.

ASP Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

March 2024

Kohda, Modak, WSH PLB’18
A/H → tc(bar), tt(bar)

https://arxiv.org/abs/2307.14759
https://arxiv.org/abs/2311.03261
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
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JILA ’23
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Search Started 2/2020.

Explaining
BAU

Fit for LHC

Production
Processes

4

H+

H + iA

Fruition 11/2023!

ρtc
unsuppressed
by alignment

ATLAS-CONF-2022-039 (ICHEP)

H＋ → tb(bar) 
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ρtc, ρtt satisfy 
Bd, s mixing, b → sγ

no obvious diff.

Þ ρtt driven!

υC/TC > O(1)

scan over

for illustration (tβ = 1)

small ρtt

the charm of EWBG

Robust:  Large Parameter Space for EWBG

ρ tc
as b

ackup

ρtt , ρtc
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II.  Decadal Mission of the New Higgs/Flavor Era
Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

à Natural to pursue cg → tH/tA → ttc(bar) A/H → tc(bar)

2307.14759

2311.03261

Same-sign top pair + jet

* NTUCMS started already 2/2020, but thanks to a good 5-yr grant,
manpower could be built-up in time since 8/2021.

March 2024

Kohda, Modak, WSH PLB’18

Neither ATLAS                                    …                                             Nor CMS saw a signal.

https://arxiv.org/abs/2307.14759
https://arxiv.org/abs/2311.03261
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
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1. CMS: H, A, H+ search@ LHC
2. Belle II: τ → μγ; B → μν, τν; ττ, τμ

CMS:    Bs,d → μμ
3. Lattice: Higgs Potential

4. Steering: Pheno粒子現象學

1stEWPT
Landau Pole

Alex Pomarol

TeV

υ

Sub-TeV

Extra Higgs Doublet w/
Extra Yukawa Couplings

& Extra Quartic Couplings

Kai-Feng (Jack) Chen

Paoti Chang

David C.J. Lin
(NYCU)

2nd ASP  8/2021 – 7/2026 

Decadal Mission of New Higgs/Flavor Era

Finite Chance for Discovery !

Wish us Luck!

54 extra flavor param.
& 7 add’l Higgs param.

Academic Summit Project
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II.  Decadal Mission of the New Higgs/Flavor Era
Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

à Natural to pursue cg → tH/tA → ttc(bar) A/H → tc(bar)

2311.03261

Same-sign top pair + jet

2307.14759
JHEP

March 2024

Kohda, Modak, WSH PLB’18

https://arxiv.org/abs/2311.03261
https://arxiv.org/abs/2307.14759
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
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II.  Decadal Mission of the New Higgs/Flavor Era
Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

à Natural to pursue cg → tH/tA → ttc(bar) A/H → tc(bar)

2311.03261

Same-sign top pair + jet

* NTUCMS started already 2/2020, but thanks to a good 5-yr grant,
manpower could be built-up in time since 8/2021.CMS-PLB 2311.03261

March 2024

Kohda, Modak, WSH PLB’18

https://arxiv.org/abs/2311.03261
https://arxiv.org/abs/2311.03261
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
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II.  Decadal Mission of the New Higgs/Flavor Era
Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

à Natural to pursue cg → tH/tA → ttc(bar)
Same-sign top pair + jet

CMS-PLB 2311.03261

Kohda, Modak, WSH PLB’18

https://arxiv.org/abs/2311.03261
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub
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More Stringent
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II.  Decadal Mission of the New Higgs/Flavor Era
Midterm Report: “my BSM” pp → ttc(bar) ATLAS & CMS

à Natural to pursue cg → tH/tA → ttc(bar) A/H → tc(bar), tt(bar)

2307.14759

2311.03261

Neither ATLAS                                    …                                             Nor CMS saw a signal.

Same-sign top pair + jet

March 2024

Kohda, Modak, WSH PLB’18

https://arxiv.org/abs/2307.14759
https://arxiv.org/abs/2311.03261
https://www.sciencedirect.com/science/article/pii/S0370269317309486?via%3Dihub


ASIoP Colloquium                                                            George W.S. Hou侯維恕 (NTU)                                                         Jan. 7, 2025   22

III. Post-Midterm: pp → bH+ → btb(bar); ttt(bar) @ CMS
[ttc(bar) & t → ch redux

à Better: cg → bH+ → btb(bar)
Ghosh, WSH, Modak PRL’20

ρtcVtb

H+ → tb(bar) ρttVtb

Vtb/Vcb enhanced
w.r.t. 2HDM-II

also: cg → tH/tA → ttc(bar), ttt(bar) [H/A → tt(bar)]
redux adding Run 3 data
t → ch

The elevated current H, A, H+ search program @ CMS.
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Vtb/Vcb enhanced
w.r.t. 2HDM-II

III. Post-Midterm: pp → bH+ → btb(bar); ttt(bar) @ CMS
[ttc(bar) & t → ch redux

à Better: cg → bH+ → btb(bar)

Ghosh, WSH, Modak PRL’20

H+ → tb(bar) ρttVtb

also: cg → tH/tA → ttc(bar), ttt(bar) [H/A → tt(bar)]
redux adding Run 3 data
t → ch

IV.  G2HDM as Next NP?!

The above H+ CKM enhancement first 
uncovered in B → μν, τν; ratio ≠ 0.0045

à Rule out SM/2HDM-II＊.
Belle II will study this.

τ → μγ induced by
2-loop diagrams.

CMS: Bs,d → μμ

The elevated current H, A, H+ search program @ CMS.

B → μν: stat. dom.  ß takes time
B → τν: syst. dom. ß imprv method

, ντ
ρtuVtb

ρτμ Vtb/Vub enhanced!

WSH, Kohda, Modak, Wong PLB’20

Glimpse of the 
New Flavor Era

WSH & Kumar PRD’20

WSH “Decadal Mission”
2109.02557, CJP’22

ρtcVtb

https://arxiv.org/abs/2109.02557
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Glimpse of coming New Flavor Era in G2HDM

Belle II

ρμe

μ &τFV (Flav.Viol.) 

WSH&Kumar, PRD’20

Much more promising if 
muon g-2 is harbinger

g2
HD
M-
SM
int
erf
ere
nc
e

LHCb

Belle II
CMSBelle/IILHCb

5 Grey boxes: Astounding BSM via
“LQ” from B-Anom.

LHCb

in B decay

RK, RK* nullified, 12/2022

What hides H, A, H+ effects so well from our view?
PRD’20

“Know” SM Hierarchy!

~ eEDM diagrams

general 2HDM

PRD’21

eEDM
cancel.

b → sγ
2302.08847 (PRD-L)

https://arxiv.org/abs/2302.08847
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Glimpse of the New Flavor Era

Rule of Thumb

Flavor Control
“Decadal Mission”

CJP’22

WSH&Kumar, PRD’20
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V.   Discussion  &  Conclusion
High Scale SUSY?

Road Not Taken
unconventional-Conventional

Alex Pomarol

TeV

υ

Extra Higgs   Doublet w/
Extra Weinberg Couplings

&  Extra     Quartics

Sub-TeV

Dim’less Quartics O(1) (Naturalness): 

è Landau Pole ~ 10-20 TeV

{Blank to Fill}

Justify FCC/CEPC-SppC?
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V.  Discussion & Conclusion

Thus, our Decadal Mission:
“Find the extra H, A, H⁺ bosons; 

Crack the Flavor code; 

Solve* the Mysterious B.A.U.!”

|ρee/ρtt| ~ λe/λt!
Is this it?!

the flavor code?

* We are also conducting a Lattice study of 
		𝓞(1) quartics for 1stOPhTr à New Scale? David C.J. Lin
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Thank You!

a Higgs, and a 2nd Higgs ...

Up to Nature whether our “Wish for Discovery ” is Granted  … or Not …
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Fuyuto, WSH, Senaha, PRD 101 (2020) 011901(R)

EW BaryoGenesis (EWBG)
- more testable -

LHC
- No New P hysics -

tension

eEDM: ACME14 à ACME18
- L.E. Precision Frontier -

tension
competiti

on

|de| < 1.1 x 10‒29 e cm

Beyond CKM CPV

Our Life & Times
h(125) ✔ New Physics ✘

No SUSY, No Nothin’!

A Natural Cancellation Mechanism!

4

JILA’23 0.41

EWBG ought to be pursued while LHC is still running!
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JILA ’22

Billions
&

billions of stars …
all burning protons

Where have
 all t

he An
tim
att
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Gone?

BAU: a
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ca. 2015

t/b/τ:  2018
μ:     2020

Fantastic
!

g ≃ 2mV/υ
λf ≃√2mf/υ

me?

JHEP’21
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Before Top Quark was Discovered: WSH, PLB’92 (PSI-PR-91-34)

Correction on formulation with “SM”-like Higgs h:  Chen, WSH, Kao, Kohda, PLB’13

emergent

World Best Bound:
t → ch < 0.00073

CMS (ATLAS similar)

Extra Higgs Doublet w/
Extra Yukawa Couplings
Extra Quartic Couplings

General 2HDM

H+

H + iA

h

c

ρtccγ cγ: h-H mixing“alignment”
cγ small

First
Fruit
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Search Started 2/2020.

Explaining
BAU

Fit for LHC

Production
Processes

4

H+

H + iA

Fruition 2023!

ρtc
unsuppressed
by alignment

ATLAS-CONF-2022-039 (ICHEP)


