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Top has the right energy scale! 

 Light quarks and leptons are also natural! 

or zero [E. Eichten]
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Excluded @ 95% CL

112.7 < MH < 115.5 GeV

131 < MH < 453 GeV 237� 251 GeV Excluded @ 99% CLexcept
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LHC  Higgs “potential” discovery

๏ Would imply

mD ⌧ 4⇡fD , mD < fD

๏ For comparison in QCD

M⇡ ⌧ 4⇡F⇡ , M⇡ ' F⇡

๏ What kind of models can do this?

fD = v mD = MH
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Near Conformal Models

critical exponent⌫

N c
f critical number of techniflavors for conformality

๏ Explicit examples?
Calculable perturbative examples

Antipin, Mojaza, Sannino 1107.2932

๏ Conformal technicolor models (Light Composite Higgs)
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⌫ Dietrich, Sannino, Tuominen  hep-ph/0510217

Dietrich, Sannino hep-ph/0611341

Grinstein, Uttayarat 1105.2370
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Large N QCD is an example

T1 Hadrons

Electric

QCD

Magnetic

No fundamental scalars in the electric description



eSM contains only fermions

T1 SM

Electric

eSM
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Could one explain why we have at least 3 families?



A SM-like example
2

Fields [SU(3)] SU(Nf )L SU(Nf )R

q 1
eq 1
l 1 1
el 1 1
H 1

TABLE I: We summarize here the Standard Model fermionic matter content. We have also generalized the Higgs
field H. SU(3) is the color gauge group and Nf = 2ng with ng the number of fermion generations.

the table to indicate that this is the gauge group we are concentrating on to discuss how our gauge-gauge duality
may work. We therefore switch o↵ the weak interactions for the time being. From Table I one is naturally led to
consider the leptons as the forth color of an extended color group [SU(4)]. This is the renowned Pati-Salam [11–13]
extension of the Standard Model generalized to Nf /2 = ng generations. In Table II the spectrum of the Standard
Model is summarized with respect to the Pati-Salam SU(4) gauge group. We have now pi

↵,C ( epi
↵,C) with C = 1, 2, 3

Fields [SU(4)] SU(Nf )L SU(Nf )R

p 1
ep 1
H 1

TABLE II: Fermion and Higgs matter content and their transformations with respect to the Pati-Salam SU(4)
gauge group.

representing the ordinary left-handed quarks (conjugated right spinors) while C = 4 are the leptons, and therefor
C is the vector index of the Pati-Salam group SU(4). The B � L symmetry is automatically embedded as one of the
generators of SU(4) [14]. This description of the Standard Model fields is, in practice, of book-keeping nature. To
upgrade this model to a more realistic one Pati and Salam introduced several new scalar degrees of freedom with the
hope that one day there might be a more profound understanding of the origin behind the scalar sector. Here, we will
not duel with the specific details of the scalar potential and the pattern of chiral symmetry breaking. Our primary
goal is to investigate if it is possible to construct a gauge dual of one of the simplest, and apparently unnatural,
extensions of the Standard Model free from the hierarchy problem. Therefore, we add only the minimum number
of matter fields allowing for such a possibility to manifest itself. We start by introducing the new complex scalars
�p (e�ep) transforming according to the fundamental (antifunamental) representation of the [SU(4)] gauge group and
fundamental (antifundamental) representation of the first (second) flavor group.

At this point the spectrum of the theory is intriguingly close to the magnetic gauge dual envisioned in [8]. The states
to add are a magnetic Weyl fermion �m transforming according to the adjoint representation of [SU(4)] and a Weyl
fermion M transforming as the Higgs with respect to the non-abelian flavor group. Adding these states leads to the
spectrum reported in Table III. We also make explicit the global symmetries of the new theory which are constituted by
a new vector-like U(1)p and an axial one U(1)AF which is anomaly free. These global symmetries play a fundamental
role via the ’t Hooft anomaly conditions [15] in order to identify the correct electric theory. By determining the most
general set of solutions to these conditions, together with requiring consistent flavor decoupling and involution at
the level of the electric and magnetic gauge groups in [8] we argued that the natural nonsupersymmetric electric
dual theory is the one summarized in Table IV. In [8] we showed that it is possible to construct all the singlet states
of the magnetic theory as composites of the electric ones. The only state we need to add to the table of [8] is H which
corresponds naturally to the electric composite gauge singlet P��eP. It is remarkable that the electric dual theory
does not contain scalar degrees of freedom.

A careful analysis of the phenomenological predictions of this model will be presented elsewhere. However,
we can anticipate that since the magnetic extension of the Standard Model mimics the Pati-Salam one part of the
phenomenological analysis will resemble to the one already present in the literature (see for example [16]) .

Following [8] the dual electric gauge group is SU(2ng � 4) = SU(Nf � 4). In order for the magnetic theory to be

Nf = 2ng

Pati-Salam Lepton - Quark Unification
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extension of the Standard Model generalized to Nf /2 = ng generations. In Table II the spectrum of the Standard
Model is summarized with respect to the Pati-Salam SU(4) gauge group. We have now pi

↵,C ( epi
↵,C) with C = 1, 2, 3

Fields [SU(4)] SU(Nf )L SU(Nf )R
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TABLE II: Fermion and Higgs matter content and their transformations with respect to the Pati-Salam SU(4)
gauge group.

representing the ordinary left-handed quarks (conjugated right spinors) while C = 4 are the leptons, and therefor
C is the vector index of the Pati-Salam group SU(4). The B � L symmetry is automatically embedded as one of the
generators of SU(4) [14]. This description of the Standard Model fields is, in practice, of book-keeping nature. To
upgrade this model to a more realistic one Pati and Salam introduced several new scalar degrees of freedom with the
hope that one day there might be a more profound understanding of the origin behind the scalar sector. Here, we will
not duel with the specific details of the scalar potential and the pattern of chiral symmetry breaking. Our primary
goal is to investigate if it is possible to construct a gauge dual of one of the simplest, and apparently unnatural,
extensions of the Standard Model free from the hierarchy problem. Therefore, we add only the minimum number
of matter fields allowing for such a possibility to manifest itself. We start by introducing the new complex scalars
�p (e�ep) transforming according to the fundamental (antifunamental) representation of the [SU(4)] gauge group and
fundamental (antifundamental) representation of the first (second) flavor group.

At this point the spectrum of the theory is intriguingly close to the magnetic gauge dual envisioned in [8]. The states
to add are a magnetic Weyl fermion �m transforming according to the adjoint representation of [SU(4)] and a Weyl
fermion M transforming as the Higgs with respect to the non-abelian flavor group. Adding these states leads to the
spectrum reported in Table III. We also make explicit the global symmetries of the new theory which are constituted by
a new vector-like U(1)p and an axial one U(1)AF which is anomaly free. These global symmetries play a fundamental
role via the ’t Hooft anomaly conditions [15] in order to identify the correct electric theory. By determining the most
general set of solutions to these conditions, together with requiring consistent flavor decoupling and involution at
the level of the electric and magnetic gauge groups in [8] we argued that the natural nonsupersymmetric electric
dual theory is the one summarized in Table IV. In [8] we showed that it is possible to construct all the singlet states
of the magnetic theory as composites of the electric ones. The only state we need to add to the table of [8] is H which
corresponds naturally to the electric composite gauge singlet P��eP. It is remarkable that the electric dual theory
does not contain scalar degrees of freedom.

A careful analysis of the phenomenological predictions of this model will be presented elsewhere. However,
we can anticipate that since the magnetic extension of the Standard Model mimics the Pati-Salam one part of the
phenomenological analysis will resemble to the one already present in the literature (see for example [16]) .

Following [8] the dual electric gauge group is SU(2ng � 4) = SU(Nf � 4). In order for the magnetic theory to be
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TABLE I: We summarize here the Standard Model fermionic matter content. We have also generalized the Higgs
field H. SU(3) is the color gauge group and Nf = 2ng with ng the number of fermion generations.
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fermion M transforming as the Higgs with respect to the non-abelian flavor group. Adding these states leads to the
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a new vector-like U(1)p and an axial one U(1)AF which is anomaly free. These global symmetries play a fundamental
role via the ’t Hooft anomaly conditions [15] in order to identify the correct electric theory. By determining the most
general set of solutions to these conditions, together with requiring consistent flavor decoupling and involution at
the level of the electric and magnetic gauge groups in [8] we argued that the natural nonsupersymmetric electric
dual theory is the one summarized in Table IV. In [8] we showed that it is possible to construct all the singlet states
of the magnetic theory as composites of the electric ones. The only state we need to add to the table of [8] is H which
corresponds naturally to the electric composite gauge singlet P��eP. It is remarkable that the electric dual theory
does not contain scalar degrees of freedom.

A careful analysis of the phenomenological predictions of this model will be presented elsewhere. However,
we can anticipate that since the magnetic extension of the Standard Model mimics the Pati-Salam one part of the
phenomenological analysis will resemble to the one already present in the literature (see for example [16]) .
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Fields [SU(4)] SU(Nf )L SU(Nf )R U(1)p U(1)AF

�m Adj 1 1 0 1
p 1 2ng�4

4 � 4
2ng

ep 1 � 2ng�4
4 � 4

2ng

�p 1 2ng�4
4 � 2ng�4

2ng

e�ep 1 � 2ng�4
4 � 2ng�4

2ng

M 1 0 �1 + 8
2ng

H 1 0 8
2ng

TABLE III: The high-energy complete magnetic spectrum including the fields of the Standard Model and their
Pati-Salam extension.

Fields
h
SU(2ng � 4)

i
SU(2ng)L SU(2ng)R U(1)p U(1)AF

� Adj 1 1 0 1
P 1 1 � 2ng�4

2ng

eP 1 �1 � 2ng�4
2ng

TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.
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TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.
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TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.
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TABLE III: The high-energy complete magnetic spectrum including the fields of the Standard Model and their
Pati-Salam extension.
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TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.
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TABLE III: The high-energy complete magnetic spectrum including the fields of the Standard Model and their
Pati-Salam extension.
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TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.
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TABLE III: The high-energy complete magnetic spectrum including the fields of the Standard Model and their
Pati-Salam extension.
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TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.
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TABLE IV: Electric dual of the magnetic Pati-Salam extension of the Standard Model whose spectrum is
summarized in Table III.

nonabelian we must have 2ng�4 � 2 yielding the fundamental result that ng � 3. Of course, if ng = 3 the electric gauge
group is SU(2) and we expect an enhanced accidental global symmetry to occur i.e. SU(2ng)L ⇥ SU(2ng)R ⇥ U(1)p ⇢
SU(4ng), however if ng > 3 the electric theory has the same global symmetries of the magnetic one. Requiring the
magnetic theory to remain asymptotically free we deduce the upper bound on the number of generations to be 6 and
therefore:

3  ng  6 . (1)

Interestingly duality can simultaneously render a Pati-Salam extension of the Standard Model natural and solve the
mystery of the phenomenological existence of, at least, three generations of quarks and leptons.

Our construction predicts the existence of few more matter fields around the energy scale where the Pati-Salam
extended color gauge group SU(4) appears. We expect this scale to be above the TeV scale. The reader will recognize
that our magnetic spectrum resembles a supersymmetric one, however, the magnetic theory is not supersymmetric
since we do not invoke supersymmetric relations among its spectrum and couplings [8].

The dual electric theory is expected to be strongly coupled at the energy scale where the magnetic one is weakly
coupled explaining why the quarks, the leptons and the Higgs seem elementary. Technically, the electric and magnetic
descriptions are supposed to describe the same physics when both reach an infrared stable fixed point. Breaking of
large distance conformality is therefore needed to ensure the occurrence of the phenomenologically viable pattern of
spontaneous symmetry breaking. Re-instating the electroweak gauge interactions can, for example, de-stabilize the
infrared fixed point but one could explore the introduction of new types of perturbations. In any event, the potential
of the scalar sector should also emerge naturally in such a way to provide the correct patterns of breaking from SU(4)
to SU(3) of color and the low energy decoupling of the magnetic degrees of freedom yet to be discovered.

There are many ways to depart from conformality and some of them do not need the introduction of relevant
operators. For example higher dimensional operators can achieve this. A well known example is the gauged
Nambu Jona Lasinio model in which the theory can break conformality because of the introduction of four-fermion
interactions (to be naturalized at a higher scale) [17]. Another possibility, as mentioned above, is the gauging of
the weak interactions. The introduction of the new couplings are expected to modify the running of the couplings
and eventually drive the theory away from the fixed points. Yet another possibility, as we have shown in [20], is to
introduce renormalizable interactions modifying the structure of the fixed points.

The Pati-Salam like extension of the Standard Model and our electric dual might not be unique and, in principle,
an even more minimal magnetic extension of the Standard Model with associated electric description could exist.

Sannino 1102.5100

H = P�� eP
๏ The Higgs in electric variable is:

๏ Bound on the number of generations:
3  ng  6

๏ Much needs to be tested... 



LHC can test X Compositeness

๏ eSM bound states at the TeV scale



LHC can test X Compositeness

๏ eSM bound states at the TeV scale

๏ Vector like top particles



LHC can test X Compositeness

๏ eSM bound states at the TeV scale

๏ Vector like top particles

๏ Ordinary Higgs + excitations



LHC can test X Compositeness

๏ eSM bound states at the TeV scale

๏ Vector like top particles

๏ Non Higgs composite scalars

๏ Ordinary Higgs + excitations
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Dots are partially fixed by Anomalies as well as other principles
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Need to go beyond QCD
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๏ Minimal Technicolor passing precision tests

๏ ETC for Fermion masses generation

๏ Non QCD dynamics/Walking not Jumping

๏ Large mass anomalous dimensions

๏ Dark matter candidates
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No seriously, Walking?

How can one tune an integer number?

Anomalous dimensions may be small

© Francesco Sannino
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iWalk recipe

TC in isolation is in the CW

Strong four fermion brings theory out of CW

Fukano & Sannino 10

© Francesco SanninoN

Nf



Minimal TC

U
D



Minimal TC

U
D

Minimal WT
SU(2)TC

N
E

Sannino & Tuominen 04
Dietrich, Sannino, Tuominen 05
Frandsen, Masina, Sannino 09



Minimal TC

U
D

Minimal WT

Next to MWT

SU(2)TC

SU(3)TC

N
E

Sannino & Tuominen 04
Dietrich, Sannino, Tuominen 05

Dietrich, Sannino, Tuominen 05

Sannino, Tuominen 04U
D

Frandsen, Masina, Sannino 09



Minimal TC

U
D

Minimal WT

Next to MWT

Orthogonal

SU(2)TC

SU(3)TC

SO(4)TC

N
E

Frandsen, Sannino 09

Sannino & Tuominen 04
Dietrich, Sannino, Tuominen 05

Dietrich, Sannino, Tuominen 05

Sannino, Tuominen 04U
D

U
D

Frandsen, Masina, Sannino 09



Minimal TC

U
D

Minimal WT

Next to MWT

Orthogonal

SU(2)TC

SU(3)TC

SO(4)TC

Ultra MT
SU(2)TC

N
E

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

Frandsen, Masina, Sannino 09

Vanilla TC



(Next) Minimal Walking Technicolor



(Next) Minimal Walking Technicolor

๏ Next to minimal is just outside the conformal window
Fodor, Holland, Kuti, Nogradi, Schroeder, Wong



(Next) Minimal Walking Technicolor

๏ Next to minimal is just outside the conformal window
Fodor, Holland, Kuti, Nogradi, Schroeder, Wong

๏ Minimal Walking TC is ideal for iWalk
Catterall & Sannino; 
Del Debbio, Lucini Patella, Pica, Rago 
Hietanen, Rummukainen, Tuominen
Catterall, Giedt, Sannino
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S = S(W )TC + SNS

Offset the first term

S beyond TC...
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New Leptons & Precision Data

1 TeV

117 GeV

300 GeV

Exotic Leptonic hypercharge Y=-3/2 Standard Model Leptonic hypercharge
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What you see is “not” what LHC will see

MWT Lagrangian



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

MWT Effective Lagrangian

Foadi, Frandsen, Ryttov & F.S. 07
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MWT Effective Lagrangian
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 Composite Axial - Vector States           
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MWT Effective Lagrangian
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Vector Mesons

Yukawas

Link to MWT via 2nd modified Weinberg Sum Rule 
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Vector Mesons

Yukawas

Link to MWT via 2nd modified Weinberg Sum Rule 
[Appelquist - Sannino]

Written in a renormalizable form

With imposed constraints from Precision Data

Foadi, Frandsen, Ryttov & F.S. 07

A working technicolor benchmark

Effective Theory for LHC



Tevatron

Consistency of the theory

YW

CMS Data �1⇥
5 fb�1, 3 ⇥
5 fb�1, 5 ⇥
13 TeV, 100 fb�1, 3 ⇥
13 TeV, 100 fb�1, 5 ⇥

0.5 1.0 1.5 2.0 2.5

2

4

6

8

10

12

MA ⇤TeV⌅

g⇤

Walking

Ru
nn
in
g

Constraining MWT



Tevatron

Consistency of the theory

YW

CMS Data �1⇥
5 fb�1, 3 ⇥
5 fb�1, 5 ⇥
13 TeV, 100 fb�1, 3 ⇥
13 TeV, 100 fb�1, 5 ⇥

0.5 1.0 1.5 2.0 2.5

2

4

6

8

10

12

MA ⇤TeV⌅

g⇤

Walking

Ru
nn
in
g

Constraining MWT

Andersen, Hapola, Sannino 11
Belyaev, Foad, Frandsen, Jarvinen, Pukhov, Sannino 08



Non - walking template

© Francesco Sannino



Non - walking template

© Francesco Sannino

๏ TC theories with smallest naive S-parameter



Non - walking template

© Francesco Sannino

๏ TC theories with smallest naive S-parameter

๏ Non-traditional ETC



Non - walking template

© Francesco Sannino

๏ TC theories with smallest naive S-parameter

๏ Non-traditional ETC

๏ Simplest theory with dark matter candidate



Non - walking template

© Francesco Sannino

๏ TC theories with smallest naive S-parameter

๏ Non-traditional ETC

๏ Simplest theory with dark matter candidate

SU(2) with two Dirac fundamental flavors  

Ryttov, Sannino 08
Appelquist, Sannino 98
Lewis, Pica, Sannino 2011



Non - walking template
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๏ TC theories with smallest naive S-parameter

๏ Non-traditional ETC

๏ Simplest theory with dark matter candidate

SU(2) with two Dirac fundamental flavors  

๏ Could be made walking by adding EW singlets techniquarks

Ryttov, Sannino 08
Appelquist, Sannino 98
Lewis, Pica, Sannino 2011
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