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I.  Intro

EW BaryoGenesis (EWBG)
- more testable -

LHC

- No New P hysics -

tension

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

|de| < 1.1 x 10‒29 e cm

Render small? Or evade?

Beyond CKM CPV

http://www.ntu.edu.tw/chinese/PageN.php
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fR

fL

f↓R, f↓L

f↑L, f↑Rf = u, d, e f↑ = u, ν;    f↓ = d, e

mass hierarchy:        m1
2 << m2

2 << m3
2;       mb

2 << mt
2

mixing hierarchy:             |Vub|
2 << |Vcb|2 << |Vus|

2 << 1

alignment:                             |cos γ|2 << 1                (small h-H mixing)

Control FCNH (Flavor Changing Neutral Higgs)

NFC Not Needed

Flav/CP V

ρtt

ρtc

WSH, Kikuchi, PLB’18

complex

Glashow-Weinberg ’77

,

old: 2HDM-III
WSH, PLB’92 (t → ch)

Largest

http://www.ntu.edu.tw/chinese/PageN.php
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EWBG,     ThO EDM

Fuyuto, WSH, Senaha (FHS), ’18

eEDM:    λeImρtt

Ruled Out by ACME18!

EWBG λtImρtt robust driver

O(λt) ≈ 1

ACME14

[ρtc as backup

TCNH-

ACME18

http://www.ntu.edu.tw/chinese/PageN.php
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TCNH-EWBG Scenario
ρtc-driven (ρtt accidentally small)

LHC Probes of ρtc:

ρtc ρtc

WSH, Lin, Ma, Yuan, PLB’97
Altmanshoffer et al., PRD’16
Altmanshoffer, Maddock, Tucker, PRD’19
Kohda, Modak, WSH, PLB’18
WSH, Kohda, Modak, PLB’18  [300 GeV allowed!]
WSH, Hsu, Modak, PRD’20 …

ρtcVtb gcγ Gori, Grojean, Juste, Paul, JHEP’18
HMP’20 (2012.03572)

ρtccγ WSH, PLB’92
Chen, WSH, Kao, Kohda, PLB’13
CMS/ATLAS (PDG), ATLAS JHEP’19

N.B. ρct constrained small by Bq mixing.
Altunkaynak, WSH, Kao, Kohda, McCoy PLB’15

http://www.ntu.edu.tw/chinese/PageN.php
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II.  Framework & Parameter Space

alignment: cγ small

g2HDM: Φ “mass giver”, Φ′ exotic 

General CP-conserving 2HDM potential (Higgs basis)

WSH, Kikuchi, EPL’18 Davidson & Haber, PRD’05

CPV (mostly) from 2nd Yukawa matrices: 

Davidson & Haber, PRD’05 Altunkaynak, WSH, Kao, Kohda, McCoy PLB’15

complex 

http://www.ntu.edu.tw/chinese/PageN.php
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H, A, H+ Spectrum Fit for the LHC

H, A, H+

Dim’less params. O(1) (Naturalness): 

incredulous
(next page)

unnatural

WSH & Kikuchi, EPL’18

2nd min. cond.

η6:  sole param. for h-H mixing (cγ)

N.B. O(1) ηi’s needed for 1st order Phase Trans. (PT),

prerequisite for ElectroWeak BaryoGenesis.

See e.g. Basler, Mühlleitner, Müller, JHEP’20

http://www.ntu.edu.tw/chinese/PageN.php
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Flavor Design:  replace (Un)Natural Flavor Conserv.

H, A, H+

Where Are They?   What hides H, A, H+ effects from our view?

1. Mass-Mixing Hierarchy: Yuk. matrices ρf trickle off off-diagonal

2. Alignment:  Expt. find h rather close to SM Higgs   cγ small!
h-H mixing

3. Small/Near-diagonal ρd matrix!  Nature has her mysterious ways!
[K0, B0 and Bs meson mixings
our most sensitive probes!]

controls
t → ch

h → τμ

(alignment) incredulous

cγ = ‒0.3

WSH&Kikuchi, EPL’18

NOT in conflict

w/ O(1) ηi’s!

http://www.ntu.edu.tw/chinese/PageN.php
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Parameter Space

2HDMC scan for
perturbativity,
positivity,
unitarity,
EW prec. measur.

HMP’20cγ = 0.1 (purple), 0.3 (orange)

TCNH
-EWBG e.g. Crivellin, Kokulu, Greub, PRD’13

ρtt small

ATL-PHYS-PUB

-2016-019

http://www.ntu.edu.tw/chinese/PageN.php
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≥ 3ℓ; ≥ 1jb

III. Charged Higgs Production

ρtcVtb gcγ

ρtt = 0

- Generator:  MadGraph5̱aMC@NLO

- Shower/hadronize:  PYTHIA6.4

- Detector Sim.:  Delphes 3.4.2 (ATLAS)

- anti-kT jets (R = 0.6)

- extra jets:  MLM matching

ρtc = 0.35, cγ = 0.25

jet as ℓ
mis-id

≤ 2 extra jets 

Z-veto

HMP’20

http://www.ntu.edu.tw/chinese/PageN.php
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Exclusion:                                                     Observation:

Cover small cγ? 

☺

simple counting

ρtcVtb gcγ

HMP’20

http://www.ntu.edu.tw/chinese/PageN.php
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IV.  Neutral Higgs Production

ρtc ρtc

feeds CMS CRW4t

WSH, Kohda, Modak, PLB’19

HMP’20

 CMS observes 338 evts, expect 335 ± 18 evts

- Same-sign dilepton
(w/ Drell-Yan veto)

- 2–5 jets (w/ 2 jb)                                           satisfying one of 

- Sum over jets 

(ATLAS CRttW2ℓ less constraining)
CMS EPJC’20

137 fb‒1

http://www.ntu.edu.tw/chinese/PageN.php
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(mH heavy)

HMP’20

ρtc ρtc

But can optimize with dedicated same-sign top + jet search. (PTO)

as seen above (HL-LHC)

137 fb‒1

http://www.ntu.edu.tw/chinese/PageN.php
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Same-Sign Top + jet Signature:

- Same-sign dilepton (ee, eμ, μμ)

- ≥ 3j (≥ 2jb; ≥ 1 non-jb)

- Sum over jets and leptons

(mH heavy)

ρtc ρtc

Dedicated same-sign top search after selection cuts (Signal 

scaled)

CMS SS2ℓ, EPJC’17 

N.B. Checked that “tuned” cancellation btwn A-H degeneracy not quite effective.

HMP’20

http://www.ntu.edu.tw/chinese/PageN.php
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V.  Discussion

• In general, ρtt is a robust driver for B.A.U.; no good reason to “just vanish”.

Mechanism to render dThO small ?  Yes!  ρeeλeImρtt

Follow SM Hierarchy!

Beautiful on Earth

Splendor in the Heavens

• Allowing ρtt (even ρbb, which can also drive B.A.U.) opens up new processes, such

as                              and                        , and dilutes previous processes.

(depend on loop functions)

simplified

“Ansatz”

ρee

Extra electron Yukawa that works in  

concert to give exquisite cancellation

among various dangerous diagrams 

Fuyuto, WSH, Senaha, PRD’20

http://www.ntu.edu.tw/chinese/PageN.php
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Kohda, Modak, WSH, PLB’18 

Excellent Reach @ HL-LHC

3ℓ3b process

Should revisit.

ρtc ρtt

σ3t < σ4t in SM

http://www.ntu.edu.tw/chinese/PageN.php
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(fb)

Two BenchmarkPoints

Ghosh, WSH, Modak, PRL’20 [1912,10613]

ATLAS & CMS                                                      bounds

“dilution”

•Hint possible for BP1 w/ ρtt ~ ρtc ~ 0.5

•Need expt’l study (larger param. space)! 

ρtcVtb ρttVtb

+

+

http://www.ntu.edu.tw/chinese/PageN.php
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ρτμ enters !

x

ρtu enhanced

by Vtb/Vub

1903.03016 [PLB’20]

WSH, PRD’93 [B → τν]

Competitive with ATLAS/CMS: probe ρtuρτμ

Revenge of Flavor (& CPV?) in g2HDM

B → μνe.g.

http://www.ntu.edu.tw/chinese/PageN.php
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VI. Conclusion

• One extra doublet:  4 exotic Higgs/No holds barred (except Nature herself)

 1  3 sets of extra dim-4 couplings (Not EFT)

• Intriguingly: The largest diagonal extra Yukawa ρtt drives B.A.U., works

in concert w/ smallest diagonal extra Yukawa ρee to cover eEDM (?).

Quartics Yukawas Needed for 1st order EWPT and Flav/CP V, resp.

H, A, H±

• Limit focus here: the ρtc-driven B.A.U (i.e. turn off ρtt)   fully evades eEDM.

- efficiently probes to low ρtc for cγ > 0.14;

- complemented by                                 almost indep. of cγ;     and             (cγ-dep.).

: well hidden so far (fermion mass-mixing  alignment)

Let’s Find these extra H, A, H+ bosons and crack the Flavor code!

• Advocate 3 type of searches:  param. space much larger

- Same-sign Top + j:

- Triple-Top:

- Charged H+:

Sub-TeV H, A, H+ a long way to go. 

http://www.ntu.edu.tw/chinese/PageN.php
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Thank you!
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CMS “A → tt(bar)” hint

“a signal-like excess for the pseudoscalar hypotheses
(largest) at 400 GeV, Γtot = 4%, 3.5σ local (1.9σ LEE)”

CMS JHEP’20 35.6 fb−1 (2016 data) 

• Intriguing !

• Needs large ρtt

Cannot make it work* easily …

• To be Watched (Full Run 2, both expts)

* See e.g. 2103.13082.

http://www.ntu.edu.tw/chinese/PageN.php


TCNH-EWBG George W.S. Hou (NTU)                                    HPNP2021, 3/27 23

WSH&Kumar, 8/2020

Glimpse of coming New Flavor Era
μ& τFV (Flav.Viol.)        in B decay

Belle II

5 Grey boxes: Astounding BSM via

“LQ” from B-Anom.

Belle/II

LHCb

CMS

LHCb

Belle II

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

LeptoQuark

LHCb

general 2HDM
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