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I.     Flavor Changing Neutral Higgs: t → ch Search

II.   Theoretical Framework: 2HDM w/o Z2

III. Top-associated H/A Production
• Collider constraints on ρtc

• Same-Sign Top:

• Triple-Top:

IV.   Bottom-associated H+ Production
• Flavor and Collider constraints

• Collider Signature for 

V.     Discussion

VI.   Summary and Prospects

Probing TCNH Couplings at Colliders

WSH and Tanmoy Modak, 2012.05735
(MPLA’21-BriefRev.)

H, A

H+
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I.  Intro
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...

sub%

per mille

...
per mille

% hint!

H here is h(125)

PLB’92

FCNH — an Experimental Question
Flavor Changing Neutral Higgs

Cheng-Sher

http://www.ntu.edu.tw/chinese/PageN.php
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2012+: One Higgs    ➔ 2nd Higgs

Highly Plausible !
PLB’13

Gestalt Switch
move away from Cheng-Sher “Ansatz”

ρcc ρct
ρtc ρtt

only scaffold

FCNH modulated by h‒H mixing

Extra Yukawas !
[Haber notation]

Get serious searching for H, A, H+ via Extra Yukawas !

http://www.ntu.edu.tw/chinese/PageN.php
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II.  Theoretical Framework: 2HDM w/o Z2

general 2HDM (g2HDM)

http://www.ntu.edu.tw/chinese/PageN.php
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Yukawa Couplings in Mass Basis: 

ρi j

ρi j

ρ ρ

ρi j

ρi j

2HDM (w/o Z2):  FCNH ρij

qLYuΦuR‾
~

ℓLYeΦeR
‾ qLYdΦdR‾Yukawa matrices Yf:

diagonalize Yf : fermion masses 

ℓLΡeΦ'eR
‾ qLPdΦ'dR‾ qLΡuΦ'uR‾

~
2nd Yukawa matrices Ρf:

diagonalize Ρf : ρf Yuk. matrices

nondiagonal
(& Complex)

→ FCNH ρij

Alignment limit → diag. (SM-h)

CKM enters for Charged Higgs

N.B. ρtt and ρtc can separately drive EWBG!

Fuyuto, WSH, Senaha, PLB’18 & PRD-RC’20

http://www.ntu.edu.tw/chinese/PageN.php
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ρtt and ρtc can separately drive EWBG!

EWBG λtImρtt robust driver

O(λt) ≈ 1

[ρtc as backup

Fuyuto, WSH, Senaha, PLB’18

(depend on loop functions)

ρee

&                                      PRD-RC’20

exquisite cancellation

Follow SM Pattern!

ACME

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

w/o Z2

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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III.  Top-associated H/A Production

ρtt, ρtc

Kohda, Modak, WSH, PLB’18
WSH, Hsu, Modak, PRD’20

http://www.ntu.edu.tw/chinese/PageN.php
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Parton Cross Sections and BRs

SM ttt(bar) ~ fb
Barger, Keung, Yencho, PLB’10

ρtt = 1

http://www.ntu.edu.tw/chinese/PageN.php
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Collider constraints on ρtc

➔ observed 338 evts, expect 335 ± 18

CMS EPJC’20
137 fb‒1

feeds

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

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

- Sum over jets 

(ATLAS CRttW2ℓ less constraining)

MadGraph/PYTHIA/Delphes/jets&MLM…

• Proximity of A-H almost double effect

→ Power of 4t search on ρtc

[tapers off for heavy Higgs] 

ρtc ρtc

WSH, Hsu, Modak, PRD’20

Run 2

Run 2+3

• Improve w/ Optimized study
(next page) 

• 4t Search can also Improve 

ρtt = 0

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


Probing TCNH George W.S. Hou (NTU)                                      BSM-2021, 4/2 14

ρtc ρtc

+ j

- Same-sign dilepton (ee, eμ, μμ)

- ≥ 3j (≥ 2jb; ≥ 1 non-jb)

- Sum over jets and leptons

WSH, Hsu, Modak, PRD’20

ρtc alone ρtu alone

Table for S & B in backup.

ρtt = 0

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

3ℓ3b processRecall σ3t < σ4t in SM

(Z-veto)(K-fac.)

Kohda, Modak, WSH, PLB’18

Excellent Reach @ HL-LHC
Should revisit.

But perhaps after SS2t w/ Full Run 2?  

more exquisite : ≥ 3ℓ; ≥ 3j; (≥ 3jb); 

pb

http://www.ntu.edu.tw/chinese/PageN.php
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IV.  Bottom-associated H+ Production

ρtcVtb
CKM-enhanced
w.r.t. 2HDM II

not apparent

Iguro, Tobe, NPB’17
Gori, Grojean, Juste, Paul, JHEP’18
Nierste, Tabet, Ziegler, PRL’20

[w/o collider study/detail]

ρtcVtb ρttVtb

ρttVtb

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

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

Two Benchmark Points (from 2HDMC scan w/ cγ = 0)

ATLAS & CMS                                                      bounds

“dilution”

•Will take (conservative) ρtt ~ ρtc ~ 0.5

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

+

+

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

Flavor/Collider Constraints

ttt (ttc) feeds 
SR12 (CRW) of 
CMS 4t search

2HDMC scan

(ΔT
unit.
pert.
pos.)

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

- 3b1ℓ Signature (e, μ)

- ≥ 3j w/ 3jb

- Sum over jets and lepton  [BP1 (BP2)]

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

bℓνℓ

Expts can optimize

50 : 50  BP1
36 : 64  BP2

LO to NLO K factors not shown.

fb

➔ For 137,   300,   600 fb‒1, Significance* at

~ 3.3σ,   4.9σ,   6.9σ for   BP1

~ 3.4σ,   5.0σ,   7.1σ for   BP2

Could show Evidence @ Run 2,
Discovery possible w/ Run 2  3

300

500

* ~ 3.5σ (~1σ) for BP1 (BP2) for SS2tj

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

• Intriguing:  extra Yukawa ρtt drives B.A.U., work w/ ρee to cover eEDM (?)

• One extra doublet:  4 exotic Higgs/No holds barred (let Nature BE)

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

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

H, A, H± : 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 (Discussion items) 

- Same-sign Top + j:

- Triple-Top:

- Charged H+:

Sub-TeV H, A, H+ can go a long way,

but may emerge @ Run 2 ( 3).

* One page in Backup

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


Probing TCNH George W.S. Hou (NTU)                                      BSM-2021, 4/2 20

Thank you!
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Theoretical Framework

alignment: cγ small

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 

g2HDM: Φ “mass giver”, Φ′ exotic 

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

ρtt = 0+ j

- Same-sign dilepton (ee, eμ, μμ)

- ≥ 3j (≥ 2jb; ≥ 1 non-jb)

- Sum over jets and leptons

WSH, Hsu, Modak, PRD’20

Numbers in brackets in second column are LO to NLO K factors.

 1.5x

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

