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Introduction

• Quite successful 

• W/ mysteries 

• Fermion matter fields: quarks and leptons 

• Gauge interactions define quarks and leptons

SM

From  
https://en.wikipedia.org/wiki/Standard_Model

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


Introduction

• Gauge interactions are generation (flavor) blind 

• What distinguishes different generations/flavors? 

• — Mass 

• Origin of mass? 

• — Higgs sector

SM



Introduction

From X-bit Labs Community



Introduction

From X-bit Labs Community

Why some 
are much heavier 

than others? 

SM



Introduction

• Large mass hierarchies 

• Highly non-universal flavor structure  

• Why?

From arXiv:1112.6387 [hep-ph]

SM



Introduction

• Flavor Changing Neutral Currents 

• No tree-level, loop level suppressed by loop factors 
and small CKM matrix elements (GIM) 

• Seems to be good w/ experimental data

SM

ATLAS:
CMS:

well below



Introduction

• Why 3 generations? 

• Why fermion mass hierarchy? Why top is so 
heavy?

• etc

But SM does not address flavor problems:

This talk



Introduction
• Other problems SM does not explain: DM, DE, EW 

hierarchy, gravity, etc 

• —> New physics needed 

• How to probe new physics? 

• One important probe: FCNC 



Introduction
• Low energy FCNC observables are highly sensitive to new 

physics due to the absence of SM tree-level contribution 

Sizable but experimental
-compatible FCNC: 

probe and strong signature
of new physics

Sp. tree-level FCNC

This talk



Introduction

• Warped extra dimension 

• Extended EW sector

• etc

Scenarios to address those flavor problems:

Focus



Introduction

• + scalars 

• + scalars and gauge bosons

Extended EW sector

e.g. 2HDM, 
invisible axion DFSZ/KSVZ, 

Georgi-Machacek model, etc



Introduction

• + scalars 

• + scalars and gauge bosons

Extended EW sector

e.g. extra gauge bosons may be from a larger group,  
or from higher dim



Introduction

• General case: 1 SU(2) gauge group for 1 
generation  

• A less complicated case: the first 2 generations 
charged under 1 SU(2), the 3rd generation 
charged under the other SU(2)

Family models
Different generations have different charges.

Li & Ma, 81

Our focus
Chivukula, Simmons & Terning, 94; 

Chivukula & Simmons, 02; 
Muller & Nandi, 96; 

Malkawi, Tait & Yuan, 96; 
Batra, Delgado & Kaplan & Tait, 04; 

Chivukula, He, Howard & Simmons, 04

Chiang, Deshpande, He & Jiang, 09; 
Chiang, He & Valencia, 16



Setup
• EW gauge sector:  

• Scalar sector: 1 doublet under each SU(2), and 1 
bifundamental simultaneously under both SU(2)



Setup

Flavor indices:SM fermions

No new fermions
No anomaly introduced



Symmetry breaking



Scalar masses

Consider all coefficients real



Scalar masses
• To extract Goldstones eaten by gauge bosons, we 

perform an SU(2) rotation 



Scalar masses
• In the new scalar basis 

Off-diagonal entries

In the limit: No h-H mixing



Yukawa interactions
Quark Yukawa

can be re-written as

off-diagonal matrices

Tree-level FCNC



Yukawa interactions
Quark Yukawa

off-diagonal

Special case

3rd generation: Top mass ~

1st, 2nd generation: u, c masses ~

Large top mass:
large beta,

or large VEV v2 
compared to v1

Quark mass



Gauge interactions

In the final basis:  
massless photon, light W boson, light Z boson,

heavy W boson, heavy Z boson
Masses of massive gauge bosons in terms of  

leading term + corrections characterized by new physics parameter 



Gauge interactions
Interactions with fermions

Due to the light and heavy Z boson mixing, there exist 
tree-level FCNCs

Small for lighter Z



EW precision tests
• Assume:  

• Express quantities in the model as corresponding 
SM values plus corrections 

• Found: custodial sym approx preserved

s_W^2



EW precision tests
Universality constraints



EW precision tests

• Fit w/ data: EWP observables with universality 
constrains 

• Found: 



EW precision tests

Min heavy gauge 
boson masses at



Matching with Higgs Data
• Relevant tree-level Higgs couplings include 

corrections due to corrections to the VEV v, to the 
light W boson mass and to the fermion masses

• SM Higgs decay: bb, WW, gg, tautau, cc, ZZ, 
diphoton, Z gamma, mumu



Matching with Higgs data
• Parameters characterized new physics: quantities 

in terms of SM values plus powers of those 
parameters

•  Fit with Higgs signal strength

(expect beta is large but not too large)



Matching with Higgs data

• 3 cases:  

• 1) w/o h to charged Higgs coupling, w/o h-H mixing 

• 2) w/ h to charged Higgs coupling, w/o h-H mixing 

• 3) w/ h to charged Higgs coupling, w/ h-H mixing 
(in progress)

mainly in diphoton and Z gamma loops



Matching with Higgs data
• Fit in 3 cases:  

• 1) w/o h to charged Higgs coupling, w/o h-H mixing 

• 2) w/ h to charged Higgs coupling, w/o h-H mixing 

• 1) and 2) consistent with             EWP fit, 
approaching 0.1 

• In 2), h to H^+ coupling mostly constrained from 
diphoton signal strength



Doing/To do

• Higgs signal strength fit in 3): w/ h to charged 
Higgs coupling, w/ h-H mixing 

• Tree-level FCNC constraints: h-H mixing, heavy 
Higgs H, heavy Z



Summary
• We analyze a family model with SU(2)_1 \times SU(2)_2 

\times U(1)_Y EW gauge group. 

• Fermion mass hierarchy is understood as a hierarchy 
btw VEVs of scalars charged under different SU(2) 
gauge group. 

• The model has tree-level FCNCs. Those being compatible 
with experiment are signatures of new physics. 

• EWP, Higgs data and FCNC constrain the parameter 
space. 



Thank you!
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Gauge interactions
Interactions with fermions


