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Low Energy Effective Theory
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Technicolor - Geometry
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Dots are partially fixed by Anomalies as well as other principles
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· · · → L(New SM Fermions)

Dynamical EW Breaking

Francesco Sannino



New Strong Interactions at  ~ 250 GeV  
[Weinberg, Susskind]

Natural  to use QCD-like dynamics.

QCD-like TC

ΛTC � 1 TeV



S & T
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Kennedy-Lynn, Peskin-Takeuchi, Altarelli-Barbieri, Bertolini- Sirlin, Marciano-Rosner



S & T

T-measures deviations from  

S-measures the left - right type current correlator
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Large & Positive S from QCD-like Technicolor

Need novel dynamics



Novel type of dynamics



Near Conformal

UVIR

IR Conformal behavior



How low can S be ? 

Appelquist, F.S. 98SWTC < STC

Da Silva, Duan, F.S. 99

S-parameter

S ≥ 1

6π

Nf

2
d(R)F.S. 2010

Conjecture obtained  comparing exact results with QCD

Strong constraint



S = S(W )TC + SNS

Offset the first term

Rule:

Find WT minimizing the lower bound for S

In fact ...



Gauge Group, i.e. SU, SO, SP

Matter Representation

# of  Flavors  per Representation

Gauge Theory Knobs

Nf
QCD IR Conformal NA-QED



α

Energy

Interesting structure at large Nf

A novel phase @ large Nf

Nf
QCD IR Conformal Asymp. Safe
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Entire series at large Nf  is known

Pica & Sannino 10

αUV =
3π

TFNf
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Very interesting



Minimal models of Technicolor

U
D

Minimal WT

Next to MWT

Orthogonal

SU(2)TC

SU(3)TC

SO(4)TC

Ultra MT

SU(2)TC

N
E

Farhi and Susskind 79; 
Eichten and Lane 89; 
Appelquist and Terning 94;
Appelquist, Christensen, Pia and Shrock 04
Evans and FS 08
Ryttov and Shrock 09,10

Less minimal models + ETC

Appelquist, Da Silva, FS 99;
Da Silva, Duan, F.S. 99 
Foadi, Frandsen, Ryttov, F.S. 07
Lane and Martin 09

Effective TheoriesFrandsen, FS 09

Ryttov, FS 08

FS, Tuominen 04
Dietrich, FS, Tuominen 05

Dietrich, FS, Tuominen 05

FS, Tuominen 04



Minimal Walking Technicolor
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S = S(W )TC + SNS

Offset the first term

S beyond TC...
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New Leptons



New Leptons & Precision Data

1 TeV

117 GeV

300 GeV

Exotic Leptonic hypercharge Y=-3/2 Standard Model Leptonic hypercharge



The most economical WT theory

Compatible with precision measurements

Possible DM candidates and Unification

Can support 1st order Electroweak Phase Transition

Features a light composite Higgs 
Dietrich, F.S., Tuominen 05.
Da Silva, Doff, Natale 08, 09. 

Lattice studies have begun

MWT Features



 Composite Higgs                                  H

 Composite Axial - Vector States           

L(Composites) + L(Mixing with SM) + L(New Leptons) + L(SM−Higgs)

R1,2

MWT Effective Lagrangian

Heavy Electron                                 

2 Heavy Majoranas N1 N2

ζ

Frandsen, Masina, Sannino 09

Hapola, Masina, Sannino 11



Electroweak vs Light See-saw

Light generations standard see-saw

EW see-saw



pp → W±/R±
1,2 → ζ±Ni

pp → Z/R0
1,2 → NiNj

pp → Z/γ/R0
1,2 → ζ+ζ−

pp → ζ+ζ−, NiNj , ζNj

Frandsen, Masina, Sannino 09

Hapola, Masina, Sannino 11



pp → HV
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pp → HV



pp → HV7 TeV LHC
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pp → ZN1N1 → �+�−N1N1

sinθ� ∼ 10
−6

would yield a decay length of ∼ 1 m, which is enough for a relativistically

boosted particle to escape detection at the LHC and be considered as missing energy

in the various processes [103].

5.3.2 Collider signatures of heavy leptons with an exact flavor symmetry

Let us first consider the limit in which the new leptons do not mix appreciably with

the SM ones. If Mζ >M1, then N1 constitutes a long lived neutral particle and will give

rise to missing momentum /pT
and missing energy /ET signals. In particular, the decay

mode H→ N1N1 gives rise to an invisible partial width of the composite Higgs.

As pointed out in [74, 89], the cross-section for ZH production can be enhanced in

MWT models because the axial-vector resonance can be light [19, 61]. Here the �+�−+/pT

final state will receive contributions both from ZH and N1,N2 production, as shown in

Fig. 45. We therefore study the proces pp→ ZN1N1 → �+�− + /pT
. We consider limiting
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Figure 45: Feynman diagrams for the �+�−+ /pT
signal due to heavy leptons in the MWT

model.

values of the parameters such that either the Higgs or the N2 state is too heavy to

contribute significantly as well as parameters where both contribute in the process.

The acceptance cuts relevant for LHC are

|η�| < 2.5 , p
�
T
> 10 GeV , ∆R(��) > 0.4 . (5.150)

Here � is a charged lepton, η� and p
�
T

are the pseudo-rapidity and transverse momentum

of a single lepton while∆R measures the separation between two leptons in the detector.

∆R is defined via the difference in azimuthal angle ∆φ and rapidity ∆η between two

leptons as ∆R ≡
�

(∆η)2 + (∆φ)2.

The main sources of background come from di-boson production followed by lep-

tonic decays [104, 105, 106]

ZZ→ �+�−νν̄ , W
+
W
− → �+ν�−ν̄ , ZW → �+�−�ν (5.151)

where in the last process the lepton from the W decay is missed.

78



Promiscuous heavy leptons
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Figure 48: Same sign leptons from production of N1. We will consider the case where

the W’s decay to jets. Such that the final states we consider areµ±µ± j j (left) andµ±µ± j j j j
(right).

Again the production cross-sections are largely unaffected by the presence of heavy

vectors. However, the shape of the distributions are affected by the presence of the

heavy vectors.

To study these processes we impose jet acceptance cuts in addition to the leptonic

acceptance cuts given in Eq. (5.150)

|η j| < 3 , pj
T > 20 GeV , ∆R(� j) > 0.5 . (5.154)

The resulting invariant mass distributions for µ−µ− j j (left) and µ−µ− j j j j (right) are

given below in Fig. 49. We have taken cosθ = 0.7, sinθ� = 0.098 and N2 decoupled.

While sinθ� determines the mixing between N1 and � and therefore is constrained

by experiment, cosθ is not. This means that the production cross section of N1N1

potentially is significantly larger than the N1µ production cross-section. If at the same

time N1 only decays to Wµ, we find the result given in the right frame of Fig. 49.

The production cross section σ(pp→ R1) scales roughly as g̃−2
and independently of

S for small S. The detailed behavior may be inferred from the branching ratios presented

in [74]. The above shows that the interplay of heavy neutrinos and composite vector

mesons can lead to striking signatures at the LHC.

6 Conclusion

We introduced extensions of the SM in which the Higgs emerges as a composite

state. In particular we motivated TC, constructed underlying gauge theories leading to

minimal models of TC, compared the different extensions with electroweak precision

data and constructed the low energy effective theory.

We have then classified the spectrum of the states common to most of the TC

models and investigated their decays and associated experimental signals for the LHC.

We have set up the effective description to allow for easy extensions to account for

82

pp → N1µ
− → µ−µ−jj pp → N1N1 → µ−µ−jjjj



Minimal Models of  Technicolor

4th Lepton Family is natural in Technicolor

Striking signatures

Cosmology/dark matter... in progress.

Conclusions



Natural 4th Lepton Family in TC

Lζ = (νζL ζL)
T ∼ (1, 2,−1/2)

ζR ∼ (1, 1,−1), νζR ∼ (1, 1, 0)

SU(3)C × SU(2)L × U(1)Y



See-saw
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SM Fermion Masses



L̄ · HeR → L̄
Q̄Q

Λ2
ETC

eR

Extending Technicolor



Scalar-less New Gauge Interactions (Extended TC)

Marry SUSY and Technicolor 

Add New Scalars in the Flavor Sector

.....

Different Approaches



PNG
Masses

SM-Fermion
Masses

FCNC
Operators

Extended Technicolor

Modifies TC dynamics

Eichten & Lane 80

Recent investigations
Ryttov & Shrock 10
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mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC
ΛETC

ΛTC

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC � mTop

Electroweak breaks

< Q̄Q >ETC ≈< Q̄Q >TC ∼ Λ3
TC

Francesco Sannino



 

QCD-Like

Near the conformal window

~

~

Mass enhancement



Fermion Mass Enhancement

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC=
g2

ETC

Λ2
ETC

�
ΛETC

ΛTC

�γm(α∗)

< Q̄Q >TC

Need large anomalous dimension, around γm(α∗) ∼ 1.7


