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QCD

Consider two flavor massless QCD

This Lagrangian has a                       flavor symmetry

Quarks and antiquarks are expected to form a condensate 

This implies a SSB
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Gauging under the electroweak
Particle Physics & Origin of Mass

CP  - Origins3

I. INTRODUCTION

fπ = v (1)

Π+2�−�− +Π+1�−ν +Π0νν + h.c (2)

The main physics objective for the LHC is to discover the mechanism responsible for the

ElectroWeak Symmetry Breaking (EWSB). One fascinating possibility is that the EWSB

has a dynamical origin [Weinberg, Susskind] related to some strongly interacting field

theory. In this case the EW scale is generated by dimensional transmutation offering an

elegant solution to the naturalness problem of the Higgs mass [].

Unfortunately, at the EW scale it is not possible to use perturbation theory at the

fundamental lagrangian level because the gauge coupling is expected to be large at that

scale . Despite this technical difficulty, it is still possible to have an handle on the

strong sector through the knowledge of its global symmetries. The usual assumption

is that in the strong sector a global symmetry G is spontaneously broken to a subgroup

H . The minimal and most popular possibility is to consider the pattern of breaking

SU(2)L⊗SU(2)R → SU(2)V and the SU(2)V acting as custodial symmetry guaranteeing the

relation ρ = 1 to hold at the tree level.

A very important consequence of this minimal pattern of breaking, is that all the

Nambu-Goldstone Bosons (NGB) are eaten up by the W and Z bosons. In general the

lightest states expected from this kind of models are the spin-one resonances leading to

specific signatures.

In this work we consider the possibility of having a larger symmetry group leading to

extra Pseudo Nambu-Goldstone Boson (PNGB).

In the limit where only the strong interactions are present, these states are massless

and it is quite natural to expect them among the lightest state of the theory.

• Larger symmetry: example SU(4)→ SO(4). They are motivated by the need to enter

the conformal window. This is a good point to be emphasized, we have a reason to

look for non minimal global symmetry group.
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Technicolor

Weinberg 1976, Susskind 19792.2 The Minimal TC Model of Susskind and Weinberg

2.2.1 Structure

In the minimal TC scheme, introduced by Weinberg [37] and Susskind [38], the gauge
group is SU(NT )×SU(3)×SU(2)L×U(1)Y . In addition to the ordinary Standard Model
fermions, we include at least one flavor doublet of color singlet technifermions, (T, B).
These form two chiral weak doublets, (T, B)L and (T, B)R, and the chiral group is therefore
SU(2)L × SU(2)R × [U(1)A] × U(1)B. The left-handed weak doublet (T, B)L will have
I = 1

2 electroweak SU(2)L gauge couplings, while the (T, B)R form a pair of singlets. The
gauge anomalies of the Standard Model and TC vanish if we take “vectorlike” assignments
under the weak hypercharge Y :

Qa
L =

(
T
B

)a

L

(Y = 0); Qa
R = (TR, BR)a Y

2
= (

1

2
,−

1

2
) . (2.40)

As “a” is the TC index, we have NT TC copies of these objects. Anomalies involving
Y are absent because we have introduced a vector-like pair (TR, BR), each element with
opposite Y (the Witten global SU(2) anomaly [91] vanishes provided NT is even for any
ND). We can readily generalize the model to include arbitrary flavors, ND > 1 doublets,
of the same color-singlet technifermions. With these assignments the techniquarks have
electric charges as defined by Q = I3 + Y/2, of +1/2 for T and −1/2 for B.

Without developing a detailed treatment of grand unification, we can see that the
scale ΛT plausibly corresponds to the electroweak scale, and can be generated naturally
by choosing the contents of the model appropriately. If we assume that the TC gauge
coupling constant is given by a high energy theory (e.g., a GUT or string theory) with
the unification condition,

αT (MGUT ) = α3(MGUT ), (2.41)

then evolving down by the renormalization group, we obtain for the TC scale ΛT to
one-loop precision:

ΛT

ΛQCD
= exp

[
2π(b′0 − b0)

b0b′0α3(MGUT )

]

(2.42)

where,

b0 = 11 −
2

3
nf and b′0 =

11NT

3
−

4

3
ND (2.43)

b0 and b′0 are the one-loop β-function coefficients of QCD and TC respectively. Putting
in some “typical” numbers, we find that NT = 4, nf = 6, ND = 4 and α−1

3 (MGUT ) ≈ 30
implies that ΛT /ΛQCD ≈ 8.2 × 102 (for smaller ND the ratio rapidly increases). Hence,
using ΛQCD = 200 MeV, we find ΛT ≈ 165 GeV, and FT ≈ 95 GeV, and we predict
vweak ≈ 190 GeV, not far from the known 175 GeV. The minimal model thus crudely
exhibits how TC, in principle, can generate the electroweak hierarchy, v0/MP lanck ∼ 10−17,
thus generate a TC mass scale ΛT ∼ 102 − 103 GeV, in a natural way from the scale
anomaly (renormalization group running) and grand unification.
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Gravitino dark matter in tree level gauge
mediation with and without R-parity

[

October 17, 2011

1 Introduction

SU(2ND)L × SU(2ND)R → SU(2ND)D (1)

2

Global symmetry
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Scaling rules
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Technicolor

•Dynamical explanation of the EW scale
•No hierarchy/naturalness problem (better than SUSY) 
•Mechanism already used by Nature

•Electro Weak Precision Test
•Fermion masses
•Flavor violation
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Large & Positive S from QCD-like Technicolor

Peskin and Takeuchi, 90
1 TeV

S

T

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

 

Precision EW Data

Figure 2: T versus S for SU(3) technicolor with one technifermion doublet (the full asterisk)

versus precision data for a one TeV composite Higgs mass.

leading order in MW /Σ(0) one finds:

Snaive = ND
d(RTC)

6π
. (2.33)

This naive value provides, in general, only a rough estimate of the exact value of S. However,

it is clear from the formula above that, the more technicolor matter is gauged under the elec-

troweak theory the larger is the S parameter and that the final S parameter is expected to be

positive.

Attention must be paid to the fact that the specific model-estimate of the whole S parameter,

to compare with the experimental value, receives contributions also from other sectors. Such

a contribution can be taken sufficiently large and negative to compensate for the positive value

from the composite Higgs dynamics. To be concrete: Consider an extension of the standard

model in which the Higgs is composite but we also have new heavy (with a mass of the order of

the electroweak) fourth family of Dirac leptons. In this case a sufficiently large splitting of the

new lepton masses can strongly reduce and even offset the positive value of S. We will discuss

this case in detail when presenting the Minimal Walking Technicolor model. The contribution

of the new sector (SNS) above, and also in many other cases, is perturbatively under control and

the total S can be written as:

S = STC + SNS . (2.34)

The parameter T will be, in general, modified and one has to make sure that the corrections

do not spoil the agreement with this parameter. From the discussion above it is clear that

technicolor models can be constrained, via precision measurements, only model by model and

the effects of possible new sectors must be properly included.

We presented the constraints coming from S using the underlying gauge theory information.

However, in practice, these constraints apply directly to the physical spectrum.

14

•Non perturbative quantity
•New operators from ETC can appear
•Walking dynamics helps
•Extra states can modify the pictures

Appelquist and Sannino, 1999
Simmons et al, ..

Terning, Luty, Sundrum,  

•TC models are not a priori ruled out
•More TC matter is gauged larger is the contribution to the S parameter
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Extended Technicolor

•Fermion masses?

•Extended TC is needed

•Idea (Gauge interaction):
1) Embed
2)TC-quarks and SM fermions connected via ETC gauge bosons
3)Integrate out massive bosons

             Effective four fermion couplings
4)Condensation of the TC-quarks produces a mass term

?
2

Dimopoulos and Susskind 79, Eichten and Lane 80

•Idea (Yukawa interaction): Bosonic Technicolor 
Witten, Dine, Fischler, Srednicki, .....

Wednesday, November 30, 2011



PNG
Masses

SM-Fermion
Masses

FCNC
Operators

Extended Technicolor
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FCNC

The third term is responsible for Flavor Changing Neutral Currents

Measured value of the neutral Kaon mass splitting determines tight 
bound on the ETC scale

Wednesday, November 30, 2011



Fermion masses

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC
ΛETC

ΛTC

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC � mTop

Electroweak < Q̄Q >ETC ≈< Q̄Q >TC ∼ Λ3
TC

1 Introduction

SU(2ND)L × SU(2ND)R → SU(2ND)D (1)

ΛETC � 103 GeV (2)

mf � 100 MeV (3)

1
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1
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New type of dynamics

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC=
g2

ETC

Λ2
ETC

�
ΛETC

ΛTC

�γm(α∗)

< Q̄Q >TC

Holdom 81

•Fixed points give walking behavior
•Large anomalous dimension are needed (for the top mass                     )
•Schwiger-Dyson analysis leads to 
•TC is not a theory in isolation (four Fermi interactions can change the picture)

1 Introduction

SU(2ND)L × SU(2ND)R → SU(2ND)D (1)

SU(4) SO(4) SU(2)L × U(1)Y SU(2)V × U(1)V (2)

ΛETC � 103 GeV (3)

mf � 100 MeV (4)

γm (α∗) ≈ 1.7 (5)

γm (α∗) 1.7 (6)

γm (α∗) ≈ 1 (7)

1
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Guidelines for a TC model

Guidelines for model building:
Theory with a strongly interacting fixed point (Walking dynamics)

Small number of  EW doublets 

Snaive =
d(r)Nf

12π

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

Matter Representation

# of  Flavors and # of  Technicolors

Wednesday, November 30, 2011



Conformal Window

Nf

QCD like theory IR Conformal QED like theory
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SU(N)

•Fundamental

•Two-index antisymmetric

•Two-index symmetric

•Adjoint

Wednesday, November 30, 2011



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 Sannino 08
Ryttov and Shrock 09,10
Conformal Techicolor, Luty

 Other models/ETC

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

 Effective Theories

Frandsen, Sannino 09

Ryttov, Sannino 08

Sannino, Tuominen 04

Dietrich, Sannino, Tuominen 05

Dietrich, Sannino, Tuominen 05

Sannino, Tuominen 04U
D

U
D

U
D
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MWT

TC-fermions in the adjoint of

All the rep. of SU(2) are real or pseudo-real

SU(4) global symmetry

•Model hep-ph/0405209, hep-ph/0505059

•Linear realization 0706.1696,

•Spin-one phenomenology 0809.0793, 1104.1255, 1105.1433 

•Lattice 0705.1664, 0807.0792
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Anomalies

Anomaly free hypercharge content 

To cancel the Witten anomaly

• y is restricted to be odd in order to avoid stable fractionally charged states
• From now on let me fix y=1

Wednesday, November 30, 2011



Signatures

7 TeV

arXiv:1104.1255

Andersen, Del Nobile, TH, Sannino, ...
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Excluding Parameter Space

Tevatron

Consistency of the theory

YW

CMS Data �1�
5 fb�1, 3 Σ
5 fb�1, 5 Σ
13 TeV, 100 fb�1, 3 Σ
13 TeV, 100 fb�1, 5 Σ
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arXiv:1105.1433

Andersen, TH, Sannino
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Symmetry breaking

Symmetry breaking SU(4)           SO(4)fundamental representation of SU(4)

Q =





UL

DL

−iσ2U∗
R

−iσ2D∗
R




, (5)

where UL and DL are the left handed techniup and technidown, respectively and UR and

DR are the corresponding right handed particles. Assuming the standard breaking to the

maximal diagonal subgroup, the SU(4) symmetry spontaneously breaks to SO(4). Such a

breaking is driven by the following condensate

〈Qα
i Qβ

j εαβEij〉 = −2〈URUL + DRDL〉 , (6)

where the indices i, j = 1, . . . , 4 denote the components of the tetraplet of Q, and the Greek

indices indicate the ordinary spin. The matrix E is a 4 × 4 matrix defined in terms of the

2-dimensional unit matrix as

E =



 0

0



 . (7)

We follow the notation of Wess and Bagger [33] εαβ = −iσ2
αβ and 〈Uα

LUR
∗βεαβ〉 =

−〈URUL〉. A similar expression holds for the D techniquark. The above condensate is

invariant under an SO(4) symmetry. This leaves us with nine broken generators with asso-

ciated Goldstone bosons.

Replacing the Higgs sector of the SM with the MWT the Lagrangian now reads:

LH → −
1

4
Fa

µνFaµν + iQ̄LγµDµQL + iŪRγµDµUR + iD̄RγµDµDR

+iL̄LγµDµLL + iN̄RγµDµNR + iĒRγµDµER (8)

with the technicolor field strength Fa
µν = ∂µAa

ν − ∂νAa
µ + gTCεabcAb

µAc
ν, a, b, c = 1, . . . , 3.

For the left handed techniquarks the covariant derivative is:

5
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Π+2,Π+1,Π0 + h.c (1)

102 (2)

ρ =
M2

W

M2
Z cos2 θW

= 1 (3)

fπ = v (4)

Π+2�−�− +Π+1�−ν +Π0νν + h.c (5)

The main physics objective for the LHC is to discover the mechanism responsible for the

ElectroWeak Symmetry Breaking (EWSB). One fascinating possibility is that the EWSB

has a dynamical origin [Weinberg, Susskind] related to some strongly interacting field

theory. In this case the EW scale is generated by dimensional transmutation offering an

elegant solution to the naturalness problem of the Higgs mass [].

Unfortunately, at the EW scale it is not possible to use perturbation theory at the

fundamental lagrangian level because the gauge coupling is expected to be large at that

scale . Despite this technical difficulty, it is still possible to have an handle on the

strong sector through the knowledge of its global symmetries. The usual assumption

is that in the strong sector a global symmetry G is spontaneously broken to a subgroup

H . The minimal and most popular possibility is to consider the pattern of breaking

SU(2)L⊗SU(2)R → SU(2)V and the SU(2)V acting as custodial symmetry guaranteeing the

relation ρ = 1 to hold at the tree level.

A very important consequence of this minimal pattern of breaking, is that all the

Nambu-Goldstone Bosons (NGB) are eaten up by the W and Z bosons. In general the

lightest states expected from this kind of models are the spin-one resonances leading to

specific signatures.

In this work we consider the possibility of having a larger symmetry group leading to

extra Pseudo Nambu-Goldstone Boson (PNGB).
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In the limit where only the strong interactions are present, these states are massless

and it is quite natural to expect them among the lightest state of the theory.

• Larger symmetry: example SU(4)→ SO(4). They are motivated by the need to enter

the conformal window. This is a good point to be emphasized, we have a reason to

look for non minimal global symmetry group.

• Signature at colliders: a lot of leptons. This can be shown to be related to the absence

of colored technifermions (constraints from S-parameters)

• Maybe show in general, with few assumptions, that Goldstone like to be leptophilic.

II. THE NONLINEAR REALIZATION

The low energy effective theory for Goldstones is an expansion in derivatives over 4πF

with F the Goldstones decay constant. Let’s start by introducing the following matrix:

U = exp
�
i

√
2

F
Πa

X
a

�
E , (6)

where the Πa are the 9 Goldstone bosons and X
a are the 9 generators of SU(4) that do

not leave the vacuum invariant (see appendix ?? for an explicit realization of the group

generators).

Under an SU(4) transformation U transforms linearly, i.e.:

U→ gUg
T , g ∈ SU(4). (7)

To link this linear realization to the canonical nonlinear one one has first to introduce

the nonlinear transformations. This is readily done by introducing the following map

between the group SU(4) and the quotient space SU(4)/SO(4):

V(ξ) = exp
�
iξi

X
i
�
, (8)

transforming

V(ξ)→ gV(ξ)h†(ξ, g) , with h ∈ SO(4) . (9)

We can now build the explicit relation between U andV which reads:

U =V(ξ)EV(ξ)T with ξa =
Πa

√
2
. (10)
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The matrix U transforms as the two indices symmetric tensor of SU(4), i.e. the 10 of SU(4).

The first term in our non-linear effective Lagrangian reads

L =
F2

2
Tr

�
DµUDµU†

�
. (11)

The gauging of the SM subgroup breaks the SU(4) symmetry group down to SU(2)L ⊗
U(1)Y ⊗ U(1)V. Among the 9 physical degrees of freedom, three are eaten up by the

longitudinal components of the SM gauge boson.

The remaining 6 goldstone bosons acquire a mass squared of the order O

�
α

4π M2

W

�
.

However, to obtain a phenomenological viable spectrum we have to introduce an explicit

mass term.

A common ETC mass for all the pseudo Goldstone bosons carrying U(1)V charge can

be provided by adding the following term to the previous Lagrangian

−m2

etc
F2

4
Tr

�
U†BVUBV

�
(12)

with

BV =




0

0 −


 . (13)

Note that this mass term is not linear in U as it is the case for QCD. This is so since it

is expected to come from a four-techniquarks interaction term. Furthermore this term

preserves SU(2)L ⊗ SU(2)R ⊗U(1)V and therefore preserving the SM custodial symmetry.

III. GOLDSTONES QUANTUM NUMBERS AND YUKAWA TERMS

We wish to construct the interactions between the pseudo Goldstone bosons and the

SM fermions in a model independent way, i.e. without assuming a specific underlying

extended TC theory.

In order to do so we first classify the different blocks of the matrix U according to the

scheme provided below.

A. Goldstones Quantum numbers

Knowing the embedding of the SM generators in the SU(4) algebra it is possible to

decompose the representation 10 according to the SM gauge group. It is useful to consider

4
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Motivation to study PNGBs
•Based on a work in collaboration with M. Nardecchia, F. Sannino 
(CP3-Origins) and F. Mescia (Universitat de Barcelona)

•Common lore: strongly interacting signature associated to spin-1 
•Minimal pattern of symmetry breaking: 
•No PNGB! 
•Larger symmetry breaking group are naturally motivated
•Minimal Walking Technicolor (MWT) leading to the breaking 
•PNGB 15-6=9=3+6

pp → R0
1,2 → l+l−

(MT
! )2 = [

√
M2(!) + p2

T (!) + |/pT |]
2 − |"pT (!) + /"pT |

2 (23)

(MT
3!)

2 = [
√

M2(!!!) + p2
T (!!!) + |/pT |]

2 − |"pT (!!!) + /"pT |
2 (24)

We also add a cut on the transverse missing energy /ET > 15 GeV. We consider the

representative parameter space points g̃ = 2, 5 and MA = 0.5, 1, 1.5, 2 TeV for our plots and

discussion.

The invariant mass and transverse mass distributions for signatures (1)-(3) are shown in

Figs. 9-11. In the left frames of Figs. 9 and 10, corresponding to g̃ = 2, clear signals
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FIG. 9: Dilepton invariant mass distribution M!! for pp → R0
1,2 → !+!− signal and background

processes. We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev
(red), MA = 1.5 Tev (green) and MA = 2 Tev (blue).

from the leptonic decays of R0
1,2 and R±

1,2 are seen even for 2 TeV resonances. Moreover

Fig. 9 demonstrates that for g̃ = 2 both peaks from R0
1 and R0

2 may be resolved. The lepton

energy resolution effects should not visibly affect the presented distributions. In the case

of signature (2) a double-resonance peak is also seen at low mass, but the transverse mass

distribution MT
! is not able to resolve the signal pattern as well as the M !! distribution for

signature (1), because of the presence of missing transverse momenta from the neutrino. This

analysis must be improved via a full-detector simulation. However, for larger masses only a

single resonance is visible because the R±
1 coupling to fermions is strongly suppressed. This

is a distinguishing footprint of the NMWT model at higher masses closer to the inversion
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A very important consequence of this minimal pattern of breaking, is that all the

Nambu-Goldstone Bosons (NGB) are eaten up by the W and Z bosons. In general the

lightest states expected from this kind of models are the spin-one resonances leading to

specific signatures.

In this work we consider the possibility of having a larger symmetry group leading to

extra Pseudo Nambu-Goldstone Boson (PNGB).

In the limit where only the strong interactions are present, these states are massless

and it is quite natural to expect them among the lightest state of the theory.

• Larger symmetry: example SU(4)→ SO(4). They are motivated by the need to enter

the conformal window. This is a good point to be emphasized, we have a reason to

look for non minimal global symmetry group.

• Signature at colliders: a lot of leptons. This can be shown to be related to the absence

of colored technifermions (constraints from S-parameters)

• Maybe show in general, with few assumptions, that Goldstone like to be leptophilic.
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Conclusions

•Dynamical EWSB can naturally occur at the LHC

•Walking Dynamics alleviates flavor and EWPT problems

•Minimal Walking Technicolor is a well motivated example

•Pseudo Nambu-Goldstone Bosons can be the first signal 
from strong dynamics
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