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Lagrangian has SU(2)L × SU(2)R chiral symmetry

When the QCD gauge 
coupling becomes strong:

q̄L = (ūL, d̄L) and q̄R = (ūR, d̄R)

�q̄LqR� �= 0 breaks SU(2)L × SU(2)R → SU(2)L+R

�q̄LqR� �= 0

Dµ = ∂µ − igAµ

q̄LqR pions are associated 
Goldstone bosons

TC - QCD

Lfermion = iūLγµD
µuL + id̄LγµD

µdL + iūRγµD
µuR + id̄RγµD

µdR

2 Dirac flavors



But q̄L = (ūL, d̄L) is electroweak doublet while

ūR, d̄R are electroweak singlets

electroweak symmetry is broken

SU(2)L × SU(2)R → SU(2)L+R (SU(2)L × U(1)Y → U(1)EM)

�q̄LqR� �= 0

Higgs is the composite scalar resonance

Pions belong to the “coset space”

and are “eaten” by W and Z

G

H
=

SU(2)L × SU(2)R
SU(2)L+R



Next, idea of Goldstone boson Higgs appeared

Georgi, Kaplan 80’s

We consider different paradigm...



Electroweak-preserving strong sector
Kilic, Okui, Sundrum ’09

Higgs is massless and elementary and couples to the 
strong sector with renormalizable interactions:

q̄L = (ūL, d̄L) and q̄R = (ūR, d̄R)

are both electroweak doublets now 

For 2 Dirac flavors

Additional assumption:  no hyperquark mass terms



Electroweak-preserving strong sector
Kilic, Okui, Sundrum ’09

Higgs is massless and elementary and couples to the 
strong sector with renormalizable interactions:

q̄L = (ūL, d̄L) and q̄R = (ūR, d̄R)

are both electroweak doublets now 

For 2 Dirac flavors

For example, 
Yukawa couplings



for measured Higgs mass, strong 
scale is in the multi-TeV range

Seesaw-like
mass matrix

Weak coupling Strong coupling
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Phenomenology and Constraints
Experimental bounds are weak:

• Precision tests are OK

• LHC:    “strong” resonances in the multi-TeV range





N2
F − 1

SU(N) gauge theory with NF flavors

SU(N)



DM candidates

• Baryons   

To be DM, 
demand:

multiplets with 
integer isospin J=0,1,2,..

N=3 N=4



DM candidates
• Pions  

= total weak isospin 
of the pion multiplet

J



Example:
N=NF=3

Q=3

Q=2+1

mπ0 ∼ 2.5 TeV

mΛ0 ∼ 200 TeV

 1    2J =



In the models with single SU(2)L reps DM has two components (TB and Tpions)

The 1+2 and 2+3 models allow to write Yukawa interactions and DM is only TB

SU(N) gauge theory with NF flavors

SU(N)



Direct detection of Dark Matter

• Pions

Behave as Minimal DM



Direct detection of Dark Matter

• Baryons
Dipole 

interactions:

LUX data:



In progress:    Hyperquark masses

Mass of the pions:

Mass of the baryons:

Baryons also get mass from the strong interactions



Example:
N=NF=3

Q=2+1: we can write two masses (doublet + singlet)

• Pions  

• Baryons 

U =

B =



Example:
N=NF=3

Q=3 we can write only one (triplet) hyperquark mass m

• Pions  

• Baryons 



θ-angle
We have to account for axial anomaly

Minimizing potential energy with:



Rotate to the physical basis:

θ-angle

Expand around the vacuum:

Quadratic terms define the masses of the  Goldstones:

need to 
diagonalize



Example:
N=NF=3

Q=3

Q=2+1

Solve for angles ϕ and ϕs

Physical “diagonal” 
pions masses:

and 

Physical “diagonal” 
pions masses:

Solve for angle ϕ



In conclusions...

• We discussed electroweak-preserving strong sector

• We showed that these theories naturally lead to EWSB, have 
interesting collider signatures at LHC 13 and feature DM 
candidates to be probed in the next round of DM 
experiments

• Hyperquark masses and θ-angle can modify the spectrum 
and therefore change predictions!


