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The Beloved Beautiful (& Unnatural) 
                                                                    Standard Model

3 generations of matter
SU(3)C x SU(2)L x U(1)Y

https://en.wikipedia.org/wiki/Elementary_particle
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The Beloved Beautiful (& Unnatural) 
                                                                    Standard Model

3 generations of matter
SU(3)C x SU(2)L x U(1)Y

WHY????
https://en.wikipedia.org/wiki/Elementary_particle
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The Beloved Beautiful (& Unnatural) 
                                                                    Standard Model

Arbitrary Content
Arbitrary Masses
Arbitrary Mixings

Arbitrary Higgs Mechanism

https://en.wikipedia.org/wiki/Elementary_particle

Non-Minimal
Unnatural
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A   PLETHORA 
   OF   HIGGS
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𝐻! ~𝑚!
𝑦!~1
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But we            SEE   a SM-like Higgs!
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2 Higgs Doublet Model (2HDM).

5 Physical Higgs 
bosons:

CP-Even: h, H
CP-Odd: A

Charged Higgs: H+,-
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2 Higgs Doublet Model (2HDM).

5 Physical Higgs 
bosons:

CP-Even: h, H
CP-Odd: A

Charged Higgs: H+,-

SM: Only 1 Higgs which then acquires 
a vev and leads to EWSB.

This is what we want!

<h> ~ <HSM>

<H>

24
6 

G
eV

ALIGNMENT
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Recipe: SM-Like Higgs.

<Hd > = v cos β

<Ηu > = v sin β

⇒  <HSM> = v

      <HNSM> = 0

v sin2 β 

v cos2 β 

SM: Only 1 Higgs which then acquires 
a vev and leads to EWSB.

This is what we want!

<h> ~ <HSM>
<H>

246 GeV

Lighter (h) is 125 GeV SM-like Higgs.

ALIGNMENT

SM-like HIGGS

Haber and Gunion, ‘03, M. Carena, I. Low, N.R.S. & C. Wagner, ‘13, A. Delgado, G. Nardini & M. 
Quiros, ‘13, N. Craig, J. Galloway & S. Thomas,‘13, P. Dev, A. Pilaftsis‘14, M. Carena, H. Haber, I. Low, 

N.R.S. & C. Wagner  ‘14 &  ’15
etc....

Additional states can exist!

Additional States can be light!
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PRIVATE HIGGS
Or is it SECRET instead !?! 

https://themindsjournal.com/quotes/a-private-relationship-means-nobody-knows/

"𝑚!" ≈ 𝑚#
" ≈ 𝑣$%"
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Private Higgs
R. Porto & A. Zee ’07 + follow ups

A private Higgs for every SM fermion!
         Plus additional singlets

Impose Symmetries

“Scalar see-saw” mechanism:

  Hierarchy: 𝑦! → 𝑣!	~
&!"

%#
$

𝑣!~𝑣"#	, 	 𝐻!~𝐻"# = 𝐻$%&	,
Usual negative mass squared terms to induce EWSB
Additional singlets w/ masses and vevs ~ vt. 𝑣'% ≪ 𝑣!%, 𝑓 ≠ 𝑡,

Assume 𝑀' ≫ 𝑚!

ℒ(!	~	𝑀'
%𝐻'

)𝐻' 	− 𝜆	𝑆𝑆𝐻'
)𝐻!

𝐻! ~𝑚!
𝑦!~1

COMPLETELY diagonal structure. 
No CKM!
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Higgs Pheno??
Lightest “Heavy” Higgs → 𝐻*

𝑀*~	1	TeV
Produced via gluon fusion, bottom loops

Decays to b 𝑏

Can consider low energy theory via either mixing or “integrating out”

ℒ(!	~	𝑀'
%𝐻'

)𝐻' 	− 𝜆	𝑆𝑆𝐻'
)𝐻!

𝑣'	~
𝑣!+

𝑀'%

Y. BenTov & A. Zee ’12

𝐻!~𝐻"# = 𝐻$%& 
Higgs Precision in the future?? 

[Many singlets ~𝒪 (100 GeV) floating around…]
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C K M ?? 
Impose Z2s to allow only interactions we want

For each 𝑄, 	Quark generation: 𝑍%
-" 

For each 𝐻., 	coupling to u-type quarks: 𝑍%
(#" 

3 Additional Singlets 𝑆,,0  with vevs 𝑠,,0 =	𝑠0,,
6 singlet Vector-like Quarks Ψ,,.0  with masses 𝑀,,0 ≠ 𝑀0,,

𝑖 ≠ 𝑗

CKM J

For each 𝐻1, 	coupling to d-type quarks: 𝑍%
($" 
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Complexities … 
VLQ heavy

Mixing effects with SM quarks or integrate them out

Leads to rescaling of SM quarks kinetic terms
Canonically normalize them 

Rescaling of SM quarks – W couplings absorbed in CKM

SM quarks – Z couplings leads to NON-UNIVERSAL Zqq couplings (patience!!)

CKM J
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What do we Learn?

𝜆, α	~1 couplings
𝑣'~𝑚'

VCKM dictates ratio of sij/Mij! 

(Actually VCKM
-1)

Assumed singlet vevs ~ SM vev
Nothing requires it so far…
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Now the Z Couplings …

Non-universal, but still diagonal in original basis

 Z 𝑞G	𝐶	𝑞G

After rotating to mass basis … 

Diagonal matrix C:

≠ 𝕀‼!
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Any more Luck?

For s ~ 100 GeV, corrections ≲ 1023 to diagonal couplings

FCNC: D-D mixing
Not constrained by 

current 
measurements if 
𝑠,0 ≳ 150	GeV 

FCNC: 𝑡 → 𝑍𝑢, 𝑍𝑐
Only constrains ≲ 102% for off-diagonal couplings… 
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Many Avenues to Explore

LHC signatures? 

Many new particles expected

Dark Matter connections?

Precision Higgs/SM physics? 

Rich phenomenology:

Cosmology + 
 Gravitational Waves…

𝑠,0~100	GeV

𝑀(! ≫ TeV	(except	b)
𝑀""%? ?

ΨGV
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What are the right 
questions?

SM works beautifully… 

But it’s a pretty RIDICULOUS model!!

Absence of Evidence != Evidence of Absence
Data driven age: Collider + Precision + Astrophysical Probes …

HOPE blooms ETERNAL!!!

Data + Theory: 
Where to look next!

Thank You!

Hypothesize an at-least-as-ridiculous(!!!) BSM model. 
Seems rather difficult to probe... 

???


