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Part 0
Take home message
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Take home message

We identify & numerically confirm the existence of a field-theoretical dynamical
mechanism for elementary particle mass generation - giving m ∼ c(g2)ΛRGI - in
models where chirality is broken at the UV cutoff by some irrelevant operator

NP-ly generated masses display peculiar gauge coupling dependence allowing
an understanding of the EW scale & mass hierarchy
leading to “predict” the existence of a super-strongly interacting sector
with ΛRGI ∼ a few TeV’s (if the top-quark has to have its physical mass)

A “natural” bSMm can be envisaged/constructed
incorporating all the above features
and including EW interactions
that seems to be able to offer a solution of some of the SM problems
and lead to gauge coupling unification (without SUSY)

Open issues
Lack of well established, reliable analytical tools to deal with NP effects
No detailed phenomenological study of the proposed bSMm
At the moment we have little understanding on the

origin of weak-isospin splitting
differences among generations
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Part I
Motivation & Introduction
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Motivation & Introduction

- Discovery of a 125 GeV resonance: spectacular confirmation of SM
- SM can’t be the ultimate theory of fundamental interactions ...
- ... even ignoring gravitation and the lack of dark matter candidates

1) it does not explain dominance of matter over anti-matter
2) it gives no clue of why we have three fermion families
3) electroweak and strong interactions are not really “unified”
4) the Higgs mechanism trades masses for Yukawa couplings
5) mass hierarchy me∼3·10−6mtop (mν even smaller) is unexplained
6) EW scale is “unnatural”
7) it has O(20) parameters (excluding the neutrino sector)

- The key issue is the origin of elementary particle masses
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Part II
A Toy Model
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Theoretical background - I
Consider a model – where an SU(2) fermion doublet, subjected to
non-abelian gauge interactions (of the QCD type), is coupled to a
complex scalar doublet via a d = 4 Yukawa and an “irrelevant” d = 6
Wilson-like chiral breaking terms – described by the Lagrangian

Ltoy(q,A,Φ) = Lkin(q,A,Φ) + V(Φ) + LYuk (q,Φ) + LWil (q,A,Φ)

Lkin(q,A,Φ) =
1
4

(F · F ) + q̄LD/qL + q̄RD/qR +
1
2

Tr
[
∂µΦ†∂µΦ

]
V(Φ) =

µ2
0

2
Tr
[
Φ†Φ

]
+
λ0

4
(
Tr
[
Φ†Φ

])2

LYuk (q,Φ) = η
(
q̄LΦqR + q̄RΦ†qL

)
LWil (q,A,Φ) =

b2

2
ρ
(
q̄L
←−DµΦDµqR + q̄R

←−DµΦ†DµqL
)

- Φ = ϕ011 + iϕjτ
j = [−iτ2ϕ

?|ϕ] with ϕ = (ϕ2 − iϕ1, ϕ0 − iϕ3)T

- b−1 ∼ ΛUV = UV cutoff, η = Yukawa coupling
- ρ constrained if EW interactions are introduced (see below)
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Theoretical background - II

Ltoy is formally power-counting renormalizable
and exactly invariant under the (global) transformations

χL × χR = [χ̃L × (Φ→ ΩLΦ)]× [χ̃R × (Φ→ ΦΩ†R)]

χ̃L/R :


qL/R → ΩL/RqL/R

ΩL/R ∈ SU(2)

q̄L/R → q̄L/RΩ†L/R

standard (possibly linearly divergent) masses forbidden
because the operator q̄LqR +q̄RqL is not invariant under χL×χR

Interplay of χL×χR and Sχ̃L×χ̃RSB solves naturalness problem
NP mass-like terms invariant under χL×χR dynamically generated
masses kept small by χ̃L×χ̃R symmetry enhancement [’t Hooft]
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Theoretical background - III

Ltoy is not invariant under the purely fermionic χ̃R × χ̃L chiral
transformations because of the presence of LYuk and LWil
There is a critical value of η where the effective Yukawa term
vanishes - up to O(b2) - and χ̃R × χ̃L transformations become
symmetries of Ltoy (barring NP obstructions) Frezzotti & Rossi, 2015
For generic η one gets the renormalized SDE Bochicchio et al.,1985

∂µ〈ZJ̃ J̃L i
µ (x) Ô(0)〉 = (similarly for J̃R i

µ ) (1)

=[η−η̄(η; g2
s , ρ, λ0)]〈

(
q̄L
τ i

2
ΦqR−q̄RΦ†

τ i

2
qL
)
(x)Ô(0)〉+O(b2)+ . . .

Chiral (J̃L i , J̃R i ) currents are conserved - up to O(b2) - if

η − η̄(η; g2
s , ρ, λ0) = 0 → ηcr = O(g2

s )

In the critical theory, i.e. at η = ηcr
LYuk and LWil “compensate”
much like at mcr , mass and Wilson term do in Wilson lattice QCD

Physics depends on whether Ltoy lives in Wigner or NG phase
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Proof of (1)
• Bare χ̃L × χ̃R SDEs read [Bochicchio et al. 1985]

• ∂µ〈J̃L,i
µ (x) Ô(0)〉 = 〈∆̃i

LÔ(0)〉δ(x)− η 〈OL,i
Yuk (x) Ô(0)〉 − b2〈OL,i

Wil (x) Ô(0)〉

• J̃L,i
µ = q̄Lγµ

τ i

2
qL −

b2

2
ρ
(

q̄L
τ i

2
ΦDµqR − q̄R

←−DµΦ†
τ i

2
qL

)
• OL,i

Yuk =
[
q̄L
τ i

2
ΦqR − h.c.

]
• OL,i

Wil =
ρ

2

[
q̄L
←−Dµ

τ i

2
ΦDµqR − h.c.

]
• Mixing & Renormalization

• b2OL,i
Wil = (ZJ̃ − 1)∂µJ̃L,i

µ − η̄(η; g2
s , ρ, λ0) OL,i

Yuk + . . .+ O(b2)

• ∂µ〈ZJ̃ J̃L,i
µ (x) Ô(0)〉=〈∆̃i

LÔ(0)〉δ(x)− (η − η̄(η)) 〈OL,i
Yuk (x) Ô(0)〉+ . . .+ O(b2)

• Critical theory→ η − η̄(η; g2
s , ρ, λ0) = 0 =⇒ ηcr (g2

s , ρ, λ0) = O(g2
s )

• ∂µ〈ZJ̃ J̃L,i
µ (x) Ô(0)〉ηcr = 〈∆̃i

LÔ(0)〉ηcr δ(x) + O(b2) + . . .

• All the same with [L↔ R & Φ↔ Φ†]
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Wigner phase
Wigner phase: µ̂2

Φ > 0

- V(Φ) has a single minimum at the origin with 〈Φ†Φ〉 = 0
No spontaneous χL × χR symmetry breaking
d =4 EL (as determined by symmetries) takes the obvious form

ΓWig
4

∣∣∣
µ̂2

Φ>0
=

1
4

(F · F ) + q̄LD/qL + q̄RD/qR +
1
2

Tr
[
∂µΦ†∂µΦ

]
+

+[η − η̄(η; g2
s , ρ, λ0)]

(
q̄LΦqR + q̄RΦ†qL

)
+
µ̂2
φ

2
Tr
[
Φ†Φ

]
+
λ̂

4
(
Tr
[
Φ†Φ

])2

Diagrammatically the criticality condition (η = η̄) means

L LR R
η ρb2+ = 0Y ukawa

explicit b2 factor compensated by the loop quadratic divergency
we are effectively killing χ̃ breaking effective Yukawa vertex
no seed for Sχ̃SB

How do we enforce this and compute ηcr ? → Go to the lattice
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Part III
Lattice simulations
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Lattice formulation

Slat
toy = b4

∑
x

{
LYM

kin [U] + Lscal
kin (Φ) + V(Φ)+q̄Dlat [U; Φ]q

}
LYM

kin [U] : SU(3) plaquette action

Lscal
kin (Φ) + V(Φ) =

1
2

Tr [Φ†(−∂∗µ∂µ)Φ] +
m2

0

2
Tr [Φ†Φ] +

λ0

4
(Tr (Φ†Φ])2

where in terms of the 2× 2 matrix-field Φ and the 8× 8 matrix-field F

Φ = ϕ011 + iϕjτ
j and F (x) ≡ [ϕ011 + iγ5τ

jϕj ](x)

we have

• (Dlat [U,Φ]q)(x) = γµ∇̃µq(x) + ηF (x)q(x)− b2ρ
1
2

F (x)∇̃µ∇̃µq(x) +

−b2ρ
1
4

[
(∂µF )(x)Uµ(x)∇̃µq(x + µ̂) + (∂∗µF )(x)U†µ(x − µ̂)∇̃µq(x − µ̂)

]
• ∇̃µf (x)≡ 1

2
(∇µ +∇∗µ)f (x)

•b∇µf (x) ≡ Uµ(x)f (x + µ̂)− f (x) , b∇∗µf (x)≡ f (x)− U†µ(x − µ̂)f (x − µ̂)
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Technical remarks - I

Slat
toy describes 2 (flavours) × 16 (doublers) fermion dof’s.

the d = 6 “Wilson-like term” does not remove doublers
it makes no harm in current quenched studies aimed at testing
whether dynamical mass generation does occur at all or not

Global χL × χR transformations are exact symmetries of Slat
toy

only O(b2) discretization terms expected
no linearly divergent fermionic mass terms

Lattice covariant derivatives are such that Slat
toy is invariant under

the “spectrum doubling symmetry” [Montvay & Münster] implying
at tree level→ “Wilson-like term” contributes only O(b2) effects
beyond tree level→ power counting is as in the formal continuum
these nice renormalization properties imply that ηcr (determined
from the vanishing of rAWI - see slide 16) is well defined and
unique for all fermion doubler modes
ηcr is a dimensionless quantity independent of the renormalized
scalar squared mass µ̂2

Φ (up to negligible O(b2µ̂2
Φ) artefacts)

ηcr = ηcr (g2
0 , ρ, λ0) is the same in Wigner and NG phase
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Technical remarks - II

In numerical simulations (finite volume) the scalar vev is always zero,
even if µ̂2

Φ = m2
0 −m2

cr < 0. Hence an “axial fixing” of χ is a convenient
way to get 〈Φ†Φ〉 = v211, v 6= 0 in NG phase

FSE (from massless NG exchanges) are suppressed in the fermionic
correlators that have no scalars in the valence

In the Wigner phase, in the quenched approximation, spurious fermion
zero modes (exceptional “gauge-scalar” configurations) occur. To cope
with them we introduce a soft IR cutoff in the form of a “twisted mass”
iµb4∑

x q̄(x)γ5(τ3/2)q(x)

Owing to the quenched approximation, gauge and scalar
configurations can be generated independently

Parameter renormalization can be carried out separately for gauge and
scalar fields

The gauge coupling is renormalized by keeping the Sommer scale r0
fixed in physical units. If for mere orientation we make reference to
QCD, we can take r0 = 0.5 fm ∼ (394 MeV )−1
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Determining ηcr - I

Consider the ratio from Eq. (1) in slide 9 (no sum over i = 1,2,3)

rAWI(η) =

∑
~x ∂µ〈Ãi

µ(~x , x0)D̃i
P(0)〉∑

~x〈D̃i
P(~x , x0)D̃i

P(0)〉

∣∣∣W , Ãi
µ= J̃L i

µ −J̃R i
µ ,

• Ãi
µ(x)=

1
2

[
q̄(x−µ̂)γµγ5

τ i

2
Uµ(x−µ̂)q(x)+q̄(x)γµγ5

τ i

2
U†µ(x−µ̂)q(x−µ̂)

]
• D̃i

P(x) = q̄(x)

{
Φ,
τ i

2

}
1 + γ5

2
q(x)− q̄(x)

{
τ i

2
,Φ†
}

1− γ5

2
q(x)

From the renormalized SDE (x 6= 0)

∂µ〈ZA Ãi
µ(x) Ô(0)〉 = [η − η̄(η; g2

s , ρ, λ0)]〈D̃i
P(x) Ô(0)〉+O(b2)+ . . .

we expect, inserting Ô = D̃P

rAWI(η) ∝ [η − η̄(η; g2
s , ρ, λ0)] ∼

(
1− ∂η̄(η)

∂η

∣∣∣
ηcr

)
[η − ηcr (g2

s , ρ, λ0)] + . . .
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Determining ηcr - II
Indeed we find β ρ λ0 ηcr

5.75 1.96 0.5807 -1.271(10)
5.85 1.96 0.5917 -1.207(8)
5.95 1.96 0.6022 -1.145(6)

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

-1.4 -1.3 -1.2 -1.1 -1.0 -0.9

r A
W
I

η

β = 5.75
β = 5.85
β = 5.95

We plot rAWI as a function of η at β = 5.75, 5.85 and 5.95
Red squares denote the values, ηcr , at which rAWI = 0
r0/b ranges from 3.3 to 4.9, V = L3 × 2L with L ∼ 2 fm (r0 Sommer scale)
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Part IV
Dynamical mass generation

occurs in the NG phase
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Nambu–Goldstone phase - I
Nambu–Goldstone phase: µ̂2

Φ < 0
- V(Φ) displays a double-well shape with 〈Φ†Φ〉 = v2 6= 0
Spontaneous χL × χR symmetry breaking
Diagrammatically the criticality condition (of slide 11) implies

L LR R
ηcr ρb2+ = 0[ ]vmass

→ yielding the vanishing of the “Higgs-like” fermion mass
Standard S(χ̃L × χ̃R)SB occurs due to strong interactions ...
... triggered by residual O(b2v ) terms (v 6= 0)
similarly to what happens in (massless) LQCD at mcr , identifying

b2

2
ρ
(
q̄L
←−DµΦDµqR + q̄R

←−DµΦ†DµqL
) 〈Φ†Φ〉=v2

−→
(b2v

2

)
ρ
(
q̄D2

µq
)

η
(
q̄LΦqR + q̄RΦ†qL

) 〈Φ†Φ〉=v2

−→ ηv
(
q̄q
)

where still the standard phenomenon of SχSB takes place
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Nambu–Goldstone phase - II

Compute the “PCAC quark mass” in NG phase (no sum over i)

mAWI(η) =

∑
~x ∂µ〈Ãi

µ(~x , x0)P i (0)〉∑
~x〈P i (~x , x0)P i (0)〉

∣∣∣NG
, P i = q̄γ5

τ i

2
q

Surprisingly we find that neither mAWI nor MPS vanish at ηcr
→ a NP fermion mass is getting dynamically generated
→ together with a non-vanishing PS-meson mass

0.0

0.5

1.0

1.5

2.0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

2m
R A
W

I
r 0

(b2/r20)

2mR
AWI(b = 0) = 1.3(4)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

r 0
M

P
S

(b2/r20)

r0MPS(b = 0) = 1.00(16)

2mR
AWIr0 ≡ 2r0mAWIZÃZ−1

P (left) and r0MPS (right) vs. (b/r0)2

straight lines are linear extrapolations to the continuum limit
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Nambu–Goldstone phase - Dealing with “step two”

Compute the “PCAC quark mass” in NG phase 08/03/15 12:48600x400IAhome.png 600×400 pixels

Page 1 of 1http://nofunnybusiness.net/wp-content/uploads/formidable/600x400IAhome.png
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Nambu–Goldstone phase - III

How can we interpret these results?
d =4 EL, ΓNG

4 , may & should have extra NP χL×χR invariant terms

ΓNG
4 = ΓWig

4

∣∣∣
µ̂2

Φ<0
+ c1Λs[q̄LUqR + q̄RU†qL] + “. . . ”

ΓWig
4

∣∣∣
µ̂2

Φ<0
=

1
4

(F · F ) + q̄LD/qL + q̄RD/qR +
1
2

Tr
[
∂µΦ†∂µΦ

]
+

+[η − η̄(η; g2
s , ρ, λ0)]

(
q̄LΦqR + q̄RΦ†qL

)
+
µ̂2
φ

2
Tr
[
Φ†Φ

]
+
λ̂

4
(
Tr
[
Φ†Φ

])2

with U = Φ√
Φ†Φ

= exp(i~τ~ζ/v)=11+i~τ~ζ/v +. . . transforming like Φ

ΓNG
4 is invariant under χL × χR

Λs is the RGI scale of the theory
c1(αs) was argued in [Frezzotti & Rossi, 2015] to be O(α2

s)
“. . . ” are further terms allowed by symmetries (see below)

Expanding U =11+i~τ~ζ/v +. . . we get
a mass for the fermion
plus a wealth of non-linear interaction terms
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Nambu–Goldstone phase - IV

In the NG phase things go as if

∂µ〈ZJ̃ J̃L i
µ (x) Ô(0)〉

∣∣∣NG
= c1(αs)Λs 〈

(
q̄L
τ i

2
UqR − q̄RU†

τ i

2
qL
)
(x) Ô(0)〉+

+[η − η̄(η; g2
s , ρ, λ0)]〈

(
q̄L
τ i

2
ΦqR−q̄RΦ†

τ i

2
qL
)
(x) Ô(0)〉+ O(b2)

We find a NP obstruction to χ̃L × χ̃R symmetry restoration

From the above equation one infers the formula

mAWI(η) ∝ c1Λs + (η − ηcr )v , c1 6= 0

and understands why mAWI(ηcr ) 6= 0
A similar phenomenon occurs in LQCD where

mcr =
c0(g2

s )

a
+ c1(g2

s )ΛQCD + O(a)

GCR (Roma - Tor Vergata) NP mass generation August 29, 2019 25 / 69



The emergence of a mass term

In NG phase the d =4 EL of the critical theory takes the form

ΓNG
4 cr =

1
4

(F · F ) + q̄LD/qL + q̄RD/qR +
1
2

Tr
[
∂µΦ†∂µΦ

]
+ V(Φ)

+c1Λs[q̄LUqR + q̄RU†qL] + c2Λ2
sTr [∂µU†∂µU] + c̃Λs|Φ|Tr [∂µU†∂µU]

The underlined operator breaks χ̃L × χ̃R
It gives rise to a fermion mass term upon expanding U

Observations
In NP effects U has a role like the non-analytic r/|r | ratio in LQCD
as if we had promoted the LQCD Wilson r parameter to a field, Φ
non-linear χL×χR realization implied by fermion mass of NP origin

Two issues
Symmetries can’t exclude awkward “form” of scalar kinetic terms

Problem solved gauging χL, i.e. introducing EW interactions
Can we “understand” the emergence of a NP mass?

Yes, by making reference to the Symanzik expansion
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An interlude
Understanding the origin of NP effects
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See “back-up slides package” for details

Symanzik expansion allows identifying NP vertex corrections
Bookkeeping of these NP effects is obtained by including new
diagrams generated by the “ad hoc modified” Feynman rules
derived by adding to Ltoy χL × χR invariant terms like

∆L ∝ b2Λsαs|Φ|
[1

4
FF + q̄D/q

]
NP fermion masses arise from diagrams like
(dotted line is a scalar)

L RL R
b2V6

L L

L

b2V6 b2V6
L L R

b2Λs b2Λs b2Λs

σ σ σ

yielding mq = c1Λs with c1 = O(α2
s)
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Origin of NP effects - Symanzik language

•Consider the small-b2 expansion of a formally χ̃L×χ̃R inv. correlator

〈O(x , x ′, ...)〉
∣∣∣R
cr

=〈O(x , x ′, ...)〉
∣∣∣F
cr
−b2〈O(x , x ′, ...)

∫
d4z [L/̃χbr

6 + Lχ̃co
6 ](z)〉

∣∣∣F
cr
+ O(b4)

O(x , x ′, ...)⇔ Ab
µAc

ν σ , QL/RQ̄L/R σ , QL/RQ̄L/RAb
µ σ

〈...〉|R = UV-Regulated 〈...〉|F = Formal correlator

LYuk + LWil =⇒ L/̃χbr
6 → χ̃-violating, d = 6 Symanzik operators

χ̃-even O → b2〈O
∫

L/̃χbr
6 〉|Fcr 6= 0 only due to spontaneous χ̃SB

would be zero by R̃5≡ [Q→γ5Q , Q̄→−Q̄γ5]∈ χ̃L × χ̃R

dimensional arguments→ NP b2 O(αsΛs) terms get generated
that add up to perturbative propagators and vertices

•Observation
The χL×χR symmetry constrains dynamical χ̃SB effects
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From NP vertex corrections to fermion mass

∆ΓAAΦ,qq̄Φ,...=b2ΛsO(|ρ|αs)w(mom)FAAΦ,qq̄Φ,...(
Λ2

s

mom2 ) occur for p2�b−2

We conjecture they persist up to p2 ∼ b−2 →∞ ⇐⇒ F...(0) = O(1)

• self-energy diagrams like

L RL R
b2V6

L L

L

b2V6 b2V6
L L R

b2Λs b2Λs b2Λs

σ σ σ

• give (e.g. central panel – surviving in quenched approximation)

mq ∝ g2
sρ|ρ|αs(Λs)

∫ 1/b d4k
k2

γµkµ
k2

∫ 1/b d4`

`2 + m2
σ

γν(k + `)ν
(k + `)2 ·

·b2γρ(k + `)ρ b2Λsγλ(2k + `)λ ∼ g2
sρ|ρ|αs(Λs)Λs

with the b4 factor compensated by the two-loop quartic divergency

• yielding in ΓNG
4 cr the NP mass term c1Λs[q̄LUqR +h.c.]U=11, c1|LO =kLOρ|ρ|α2

s
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Part V
Introducing weak interactions
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Extending the model

Ltoy (slide 7) is readily extended to encompass weak interactions
It’s enough to gauge the exact χL =SU(2)L symmetry thus getting

LW
toy(q; Φ; A,W ) = Lkin(q,Φ; A,W ) + V(Φ) +

+LYuk (q,Φ) + LWil (q,Φ; A,W )

Lkin(q; Φ; A,W ) =
1
4

(
F A · F A + F W · F W

)
+

+
[
q̄L /DA,W qL + q̄R /DAqR

]
+

1
2

Tr
[
Φ†
←−D W

µ DW
µ Φ
]

V(Φ) =
µ2

0

2
Tr
[
Φ†Φ

]
+
λ0

4
(
Tr
[
Φ†Φ

])2

LYuk (q; Φ) = η
(
q̄LΦ qR + q̄RΦ†qL

)
LWil (q; Φ; A,W ) =

b2

2
ρ
(
q̄L
←−D A,W

µ ΦDA
µqR + q̄R

←−D A
µΦ†DA,W

µ qL
)
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Covariant derivatives & symmetries
Covariant derivatives now read
DA
µ = ∂µ − igsλ

aAa
µ

←−
D A

µ =
←−
∂ µ + igsλ

aAa
µ

DW
µ = ∂µ − igw

τ i

2 W i
µ

←−
D W

µ =
←−
∂ µ + igw

τ i

2 W i
µ

DA,W
µ =∂µ− igsλ

aAa
µ− igw

τ i

2 W i
µ

←−
D A,W

µ =
←−
∂ µ+ igsλ

aAa
µ+ igw

τ i

2 W i
µ

LW
toy is invariant under χL × χR (acting on all fields)
•χL : χ̃L × (Φ→ ΩLΦ)

χ̃L :


qL → ΩLqL

q̄L → q̄LΩ†L ΩL ∈ SUL(2)

Wµ → ΩLWµΩ†L

•χR : χ̃R × (Φ→ ΦΩ†R)

χ̃R :


qR → ΩRqR

ΩR ∈ SUR(2)

q̄R → q̄RΩ†R

but, generically, not under χ̃L × χ̃R (acting only on quarks & W ’s)
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Currents & bare SDEs

χ̃L × χ̃R currents with K i
µ = gw Tr

(
[Wν ,F W

µν ] τ
i

2

)
J̃L, i
µ = K i

µ + q̄Lγµ
τ i

2
qL −

b2

2
ρ
(

q̄L
τ i

2
ΦDA

µqR − q̄R
←−
D A

µΦ†
τ i

2
qL

)
J̃R, i
µ = q̄Rγµ

τ i

2
qR −

b2

2
ρ
(

q̄R
τ i

2
Φ†DA,W

µ qL − q̄L
←−
D A,W

µ Φ
τ i

2
qR

)
Bare SDE’s of χ̃L × χ̃R

∂µ〈J̃L, i
µ (x) Ô(0)〉 = 〈∆̃i

LÔ(0)〉δ(x)− η 〈
(

q̄L
τ i

2
ΦqR − q̄RΦ†

τ i

2
qL

)
(x) Ô(0)〉+

− b2

2
ρ 〈
(

q̄L
←−
D A,W

µ
τ i

2
ΦDA

µqR − q̄R
←−
D A

µΦ†
τ i

2
DA,W
µ qL

)
(x) Ô(0)〉+

+
i
2

gw 〈Tr
(

Φ†[
τ i

2
,Wµ]DW

µ Φ + Φ†
←−
D W

µ [Wµ,
τ i

2
]Φ
)

(x)Ô(0)〉

∂µ〈J̃R, i
µ (x) Ô(0)〉 = 〈∆̃i

RÔ(0)〉δ(x)− η 〈
(

q̄R
τ i

2
Φ†qL − q̄LΦ

τ i

2
qR

)
(x) Ô(0)〉+

− b2

2
ρ 〈
(

q̄R
←−
D A

µ
τ i

2
Φ†DA,W

µ qL − q̄L
←−
D A,W

µ Φ
τ i

2
DA
µqR

)
(x) Ô(0)〉
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Mixing

We generalize the argument in slide 10

Bare d = 6 operators: χ̃L × χ̃R rotations of Wilson-like operators

OL, i
6 =

1
2
ρ
(

q̄L
←−
D A,W

µ
τ i

2
ΦDA

µqR − q̄R
←−
D A

µΦ†
τ i

2
DA,W
µ qL

)
OR, i

6 =
1
2
ρ
(

q̄R
←−
D A

µ
τ i

2
Φ†DA,W

µ qL − q̄L
←−
D A,W

µ Φ
τ i

2
DA
µqR

)
Renormalized d = 6 operators

OL, i
6 =

[
OL, i

6

]
sub

+
ZJ̃ − 1

b2 ∂µJ̃L i
µ −

η̄L

b2

(
q̄L
τ i

2
ΦqR − q̄RΦ†

τ i

2
qL

)
+

+
γ̄

b2

i
2

gw 〈Tr
(

Φ†[
τ i

2
,Wµ]DW

µ Φ + Φ†
←−
D W

µ [Wµ,
τ i

2
]Φ
)

+ . . .

OR, i
6 =

[
OR, i

6

]
sub

+
ZJ̃ − 1

b2 ∂µJ̃R i
µ −

η̄R

b2

(
q̄R
τ i

2
Φ†qL − q̄LΦ

τ i

2
qR

)
+ . . .

There is an important new feature
OL, i

6 mixes with the χ̃L rotation of the Φ kinetic term
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Renormalized SDE & tuning

Renormalized SDEs take the form

• ∂µ〈ZJ̃ J̃L, i
µ (x) Ô(0)〉 = 〈∆̃i

LÔ(0)〉δ(x) +

−(η − η̄L) 〈
(

q̄L
τ i

2
ΦqR − q̄RΦ†

τ i

2
qL

)
(x) Ô(0)〉+

+(1−γ̄)
i
2

gw 〈Tr
(

Φ†[
τ i

2
,Wµ]DW

µ Φ+Φ†
←−
D W

µ [Wµ,
τ i

2
]Φ
)

(x)Ô(0)〉+O(b2)+. . .

• ∂µ〈ZJ̃ J̃R, i
µ (x) Ô(0)〉 = 〈∆̃i

RÔ(0)〉δ(x) +

−(η − η̄R) 〈
(

q̄R
τ i

2
Φ†qL − q̄LΦ

τ i

2
qR

)
(x) Ô(0)〉+ O(b2)+. . .

Conditions of χ̃L × χ̃R enhancement read

η − η̄L(gs,gw ;µ0, λ0; η, ρ) = 0
η − η̄R(gs,gw ;µ0, λ0; η, ρ) = 0
1− γ̄(gs,gw ;µ0, λ0; η, ρ) = 0

These equations determine the critical values, ηcr and ρcr
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Tuning conditions in the Wigner phase

Here are the lowest order diagrams corresponding to the tuning
of the parameters η and ρ in the Wigner phase

L LR R
ηcr ρcrb

2+ = 0

+ ρcrb
2 = 0ρcrb

2

Explicit b2 factors are compensated by the power divergencies of
the loop diagrams
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EL in the Wigner phase

At generic values of η and ρ the (local) d = 4 EL of the theory in the
Wigner phase takes the χL × χR invariant form

Γ
Wig
4 =

1
4

(
F A · F A + F W · F W

)
+
[
q̄L /DA,W qL + q̄R /DAqR

]
+

+
keff

2
Tr
[
Φ†
←−D W

µ DW
µ Φ

]
+ yeff

(
q̄LΦ qR + q̄RΦ†qL

)
+ V(Φ)

with

yeff = η − η̄ η→ηcr , ρ→ρcrit−→ 0

keff = 1− γ̄ η→ηcr , ρ→ρcrit−→ 0

In the critical limit the effective Yukawa coupling vanishes and the
kinetic term of the scalar disappears, so the EL simply becomes

Γ
Wig
4 cr =

1
4

(
F A · F A + F W · F W

)
+
[
q̄L /DAW qL + q̄R /DAqR

]
where Φ is completely decoupled from fermions
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Implications of critical tuning in the NG phase

In NG phase, 〈Φ†Φ〉 = v2 6= 0 and tuning conditions imply vanishing
of fermion and weak boson “Higgs-like” masses
and by gauge invariance of the whole scalar kinetic term
Bardeen, Hill and Lindner, 1990

L LR R
ηcr ρcrb

2+ = 0[ ]v

Figure: The mechanism behind the “Higgs-like” fermion mass term -vq̄q -
cancellation in the NG phase of the critical theory. The circle represents the critical
Yukawa coupling and the square box the insertion of the critical d = 6 Wilson vertex

[ ρcrb
2+ = 0ρcrb

2 ]v2

Figure: The mechanism behind the “Higgs-like” W mass term - g2
w v2WµWµ -

cancellation in the NG phase of the critical theory
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Elementary particle masses: fermions & weak bosons

From the same building blocks (vertices)
NP fermion mass is generated by diagrams like (see Interlude)

L RL R
b2V6

L L

L

b2V6 b2V6
L L R

b2Λs b2Λs b2Λs

σ σ σ

NP weak boson mass is generated by diagrams like

Wµ Wµ Wµ

Wµ

b2V6

b2Λs 

b2V6 b2V6 b2V6

b2Λs b2Λs 

b2Λs L L 

R R R R 

L L 

from which we get (see back-up slides for details)

mq = CqΛs , Cq = O(α2
s)

MW = Cw Λs , Cw = O(αs
√
αw )
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The critical EL in the NG phase

ΓNG
4 cr (q; Φ; A,W ) =

=
1
4

(
F A · F A + F W · F W

)
+

+
[
q̄L /DWAqL + q̄R /DAqR

]
+ CqΛs

(
q̄LUqR + q̄RU†qL

)
+

+
1
2

C2
w Λ2

sTr
[
U†
←−D W

µ DW
µ U

]
+ . . .

with

U =
Φ√
Φ†Φ

= exp
(

i
~τ · ~ζ√
Cw Λs

)
= 11 + i

~τ · ~ζ√
Cw Λs

+ . . .

then
mq = CqΛs , Cq = O(α2

s)

MW = Cw Λs , Cw = O(
√
αwαs)

Notes
rescaling factor in U chosen to get canonically normalized ~ζ fields

ρcr dependence discussed below
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The need for superstrongly
interacting (Tera-)particles
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Some phenomenology
In the mass formulae above Λs is the RGI scale of the theory
Can we make the mass formulae

mq = CqΛRGI , Cq = O(α2
s)

MW = Cw ΛRGI , Cw = O(
√
αwαs)

compatible with the phenomenological top and W mass values?

As an order of magnitude we clearly need to have

ΛQCD � ΛRGI = O(a few TeV’s)

in order to get physical masses in the 102 GeV range
→ there must exist a superstrongly interacting sector with

ΛRGI ≡ ΛT = O(a few TeV’s)

This could be an explanation for the magnitude of the EW scale
Warning - Partition function vanishes as one has an odd number
(Nc =3) of SU(2) doublets (Witten anomaly). The problem can
be cured, for instance by taking Nc =4, or having more doublets
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Extending the model

Superstrongly interacting (Tera-)particles are easily incorporated

L(q,Q; Φ; A,G,W ) = Lkin(q,Q; Φ; A,G,W ) +

+V(Φ) + LYuk (q,Q; Φ) + LWil (q,Q; Φ; A,G,W )

• Lkin(q,Q; Φ; A,W ) =
1
4

(
F A · F A + F G · F G + F W · F W

)
+

+
[
q̄L /DAW qL+q̄R /DAqR

]
+
[
Q̄L /DAGW QL+Q̄R /DAGQR

]
+

1
2

Tr
[
Φ†
←−D W

µ DW
µ Φ
]

• V(Φ) =
µ2

0

2
Tr
[
Φ†Φ

]
+
λ0

4
(
Tr
[
Φ†Φ

])2

• LYuk (q,Q; Φ) = ηq
(
q̄LΦ qR + q̄RΦ†qL

)
+ ηQ

(
Q̄LΦ QR + Q̄RΦ†QL

)
• LWil (q,Q; Φ; A,G,W ) =

b2

2
ρq
(
q̄L
←−D AW

µ ΦDA
µqR + q̄R

←−D A
µΦ†DAW

µ qL
)

+

+
b2

2
ρQ
(
Q̄L
←−D AGW

µ ΦDAG
µ QR + Q̄R

←−D AG
µ Φ†DAGW

µ QL
)
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Covariant derivatives & Symmetries
DAGW
µ = ∂µ − igsλ

aAa
µ − igT TαGα

µ − igw
τ i

2 W i
µ←−

D AGW
µ =

←−
∂ µ+ igsλ

aAa
µ+ igT TαGα

µ + igw
τ i

2 W i
µ

DAG
µ = ∂µ − igsλ

aAa
µ − igT TαGα

µ←−
D AG

µ =
←−
∂ µ+ igsλ

aAa
µ+ igT TαGα

•χL : χ̃L × (Φ→ ΩLΦ)

χ̃L :


qL → ΩLqL

q̄L → q̄LΩ†L
Wµ → ΩLWµΩ†L ΩL ∈ SUL(2)
QL → ΩLQL

Q̄L → Q̄LΩ†L

•χR : χ̃R × (Φ→ ΦΩ†R)

χ̃R :


qR → ΩRqR

q̄R → q̄RΩ†R
ΩR ∈ SUR(2)

QR → ΩRQR

Q̄R → Q̄RΩ†R
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Tera-strong & strong interactions: mass hierarchy
Q’s feel Tera-strong & strong interactions, q’s only strong ones

q → Ng = 3 families - gauge group SU(Nc = 3)
Q → 1 family - gauge groups SU(Nc = 3)× SU(NT = 3)

β0
T/β

0
QCD = 11NT−4Nc

11Nc−4Ng−4NT
= 7

3 ⇒ ΛT � ΛQCD

L RL R
b2V6T b2V6T

LL

L

b2V6T
L RL

b2ΛT b2ΛTb2ΛT

σσ σ

b2ΛT b2V6 
L 

L 

L 

L 

R 
b2V6 R 

A crude leading order estimate gives

mQ(ΛT )∼ρQ cr |ρQ cr |α2
T (ΛT ) ΛT mq(ΛT )∼ρq cr |ρQ cr |α2

s(ΛT ) ΛT

mq

mQ

∣∣∣
ΛT

∼ α2
s(ΛT )

α2
T (ΛT )

∼ 1
10
÷ 1

100

q = top⇒ mQ ∼ few TeV’s ∼ ΛT � Λ QCD
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The critical EL in the NG phase
With the same line of arguments as before, we end up with the EL

ΓNG
4 cr (q,Q; Φ; A,G,W ) =

=
1
4

(
F A · F A + F G · F G + F W · F W

)
+

+
[
q̄L /DWAqL + q̄R /DAqR

]
+ CqΛT

(
q̄LUqR + q̄RU†qL

)
+

+
[
Q̄L /DWAGQL + Q̄R /DAGQR

]
+ CQΛT

(
Q̄LUQR + Q̄RU†QL

)
+

+
1
2

C2
w Λ2

T Tr
[
U†
←−D W

µ DW
µ U

]
+ . . .

U =
Φ√
Φ†Φ

= exp
(

i
~τ · ~ζ

Cw ΛT

)
= 11 + i

~τ · ~ζ
Cw ΛT

+ . . .

then
MW = Cw ΛT , Cw = O(

√
αwαs)

mq = CqΛT , Cq = O(α2
s)

mQ = CQΛT , CQ = O(α2
T )
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Part VI
Towards a BSMM

Introducing leptons and hypercharge
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UY (1) gauge interactions, leptons & Tera-leptons - I
One family
Ready to break isospin degeneracy
Assume invariance under f (x)→ f (x) + const, f̄ (x)→ f̄ (x) + const,
as gs,w,y → 0 for all fermion species f [Goltermann & Petcher, 1990]

L(q, `,Q, L; Φ; A,G,W ,B) = Lkin(q, `,Q, L; Φ; A,G,W ,B) + V(Φ) +

+LYuk (q, `,Q, L; Φ) + LWil (q, `,Q, L; Φ; A,G,W ,B)

• Lkin(q, `,Q, L; Φ; A,G,W ,B) =

=
1
4

(
F A · F A + F G · F G + F W · F W + F B · F B

)
+

+
[
q̄L /DBWAqL + q̄u

R /DBAqu
R + q̄d

R /DBAqd
R + ¯̀L /DBW `L + ¯̀u

R /∂ `u
R + ¯̀d

R /DB`d
R

]
+

+
[
Q̄L /DBWAGQL + Q̄u

R /DBAGQu
R + Q̄d

R /DBAGQd
R +

+L̄L /DBWGLL + L̄u
R /DBGLu

R + L̄d
R /DBGLd

R

]
+

+
1
2

Tr
[
Φ†
←−
D WB

µ DWB
µ Φ

]
• V(Φ) =

µ2
0

2
Tr
[
Φ†Φ

]
+
λ0

4
(
Tr
[
Φ†Φ

])2

(2)
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UY (1) gauge interactions, leptons & Tera-leptons - II

• LYuk (q, `,Q, L; φ̃, φ) =
∑

f =q,`,Q,L

ηq,u (f̄Lφ̃ f u
R + h.c.

)
+ ηq,d (f̄Lφ f d

R + h.c.
)

• LWil (q, `,Q, L; φ̃, φ; A,G,W ,B) =

=
b2

2
ρq,u (q̄L

←−
D BWA

µ φ̃DBA
µ qu

R + h.c.
)

+
b2

2
ρq,d (q̄L

←−
D BWA

µ φDBA
µ qd

R + h.c.
)

+

=
b2

2
ρ`,u

(
¯̀L
←−
D BW

µ φ̃ ∂µ`
u
R + h.c.

)
+

b2

2
ρ`,d

(
¯̀L
←−
D BW

µ φDB
µ`

d
R + h.c.

)
+

=
b2

2
ρQ,u (q̄L

←−
D BWAG

µ φ̃DBAG
µ Qu

R + h.c.
)

+
b2

2
ρQ,d (Q̄L

←−
D BWAG

µ φDBAG
µ Qd

R + h.c.
)

+

=
b2

2
ρL,u (L̄L

←−
D BWG

µ φ̃DBG
µ Lu

R + h.c.
)

+
b2

2
ρL,d (L̄L

←−
D BWG

µ φDBG
µ Ld

R + h.c.
)
+

DBWAG
µ = ∂µ − iYgY Bµ − igw

τ r

2
W r
µ − igsλ

aAa
µ − igTλ

α
T Gα

µ

Notes

We have used yνR = 0 and Golterman Petcher symmetry at gw = 0

so neutrinos are massless
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Our favourite hypercharge choice

q `

yuL = 2
3 −

1
2 = 1

6 yνL = 0− 1
2 = − 1

2

yuR = 2
3 − 0 = 2

3 yνR = 0

ydL = − 1
3 + 1

2 = 1
6 yelL = −1 + 1

2 = − 1
2

ydR = − 1
3 − 0 = − 1

3 yelR = −1− 0 = −1

Q L

yUL = 1
2 −

1
2 = 0 yNL = 1

2 −
1
2 = 0

yUR = 1
2 − 0 = 1

2 yNR = 1
2 − 0 = 1

2

yDL = − 1
2 + 1

2 = 0 yLL = − 1
2 + 1

2 = 0

yDR = − 1
2 − 0 = − 1

2 yLR = − 1
2 − 0 = − 1

2

SM fermions (top panel) & Tera-particles (bottom panel) hypercharges

With the above assignments
“unification of gauge couplings” [Garofalo, Frezzotti, Rossi 2016]
Tera-particles have half-integer electric charges
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The EL of the critical theory
ΓNG

4 cr (q, `,Q,L; Φ; A,G,W ,B) =

=
1
4

(
F A · F A + F G · F G + F W · F W + F B · F B

)
+

+
[
q̄L /DBWAqL + q̄u

R /DBAqu
R + q̄d

R /DBAqd
R

]
+ CqΛT

(
q̄LUqR + q̄RU†qL

)
+

+
[

¯̀L /DBW `L + ¯̀u
R /∂ `u

R + ¯̀d
R /DB`d

R

]
+ C`ΛT

(
¯̀LU`R + ¯̀RU†`L

)
+
[
Q̄L /DBWAGQL + Q̄R /DBAGQR

]
+ CQΛT

(
Q̄LUQR + Q̄RU†QL

)
+

+
[
L̄L /DBWALL + L̄R /DBALR

]
+ CLΛT

(
L̄LULR + L̄RU†LL

)
+

+
1
2

C2
w Λ2

T Tr
[
U†
←−D BW

µ DBW
µ U

]
+ . . .

mq = Cq ΛT Cq = cqO(α2
s) m` = C` ΛT C` = c`O(α2

Y )
mQ = CQ ΛT CQ = cQO(α2

T ) mL = CL ΛT CL = cLO(α2
T )

M2
W = C2

w Λ2
T , C2

w = cw O(αwα
2
T ) .

Note - No weak-isospin splitting
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Part VII
A bit of phenomenology

GCR (Roma - Tor Vergata) NP mass generation August 29, 2019 53 / 69



A bit of phenomenology

Enforcing χ̃ symmetry gives the convex constraint on the ρcr ’s∑
f =q,`,Q,L

nf (ρ
f
cr )2 = O(1) , nq = NcNg , n` = Ng , nQ = NcNT , nL = NT

The fermion multiplicity dependence of the mass coefficients is

cq = 2NcNTρ
Q
crρ

q
cr , c` = NT (Ncρ

Q
cr + ρL

cr )ρ`cr
cQ = 2NT (Ncρ

Q
cr + ρL

cr )ρQ
cr cL = 2NT (Ncρ

Q
cr + ρL

cr )ρL
cr

cw = NT (Nc(ρQ
cr )4 + (ρL

cr )4)

If approximately ∀f , ρf
cr = ρcr =⇒ ρ2

cr (Nc + 1)(NT + Ng) = #
ρ2

cr = #
(Nc+1)(NT +Ng) = #

24
cf ∼ 1 ,∀f
cw ∼ ρ2

cr
NT

NT +Ng
= #

24
1
2 = #

48

Notes
Ng = number of families
we have taken Ng = Nc = NT = 3
and ignored 1/4π loop factors
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Computing MW/MT−meson ∼ MW/ΛT : expected� 1

MW =
√

cw O(
√
αwαT )ΛT = O(

√
αwαT )ρ2

cr

√
NT (Nc + 1)ΛT

MT−meson ' 2MQ = 2cQO(α2
T )ΛT = 4O(α2

T )ρ2
cr NT (Nc + 1)ΛT expected from

Wµ Wµ
b2ρcr

b2ΛT 

b2ΛT 

L L 

R R 

b2ρcr

b2ΛT b2ΛT b2ΛT b2ρcr b2ρcr b2ρcr 

G G 

G G 

Q Q Q Q Q Q 

MW

MT−meson
∼ O(

√
αw

αT
)

#

4
√

NT (Nc + 1)
∼ 10−2

interesting & numerically computable with controlled O(20%) errors

i) MT−meson :
∑
~x〈Q̄γ5Q′(x)Q̄′γ5Q(0)〉

|x0|large
∝ e−MT−meson|x0|

ii) M2
W : shifted above zero due to the double W -pole, with residue

computable from
∑

y eip·y 〈Jweak
µ,Q (y)Jweak

λ,Q (0)〉 at gw = gY = 0

result depends/gives hints on NT (e.g. 3,2) and NQ+L (e.g. Nc + 1 = 4 doublets)
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Hypercharge: MZ/MW , lepton masses

• M2
Z =

g2
w + g2

Y

g2
w

M2
W , Mγ = 0

ΓNG
4 cr ⊃ cw Λ2

T
1
2 Tr [DWB

µ U†DWB
µ U] ⊃ cw Λ2

T [g2
w
∑3

j=1(W j ·W j ) + g2
Y B · B + 2gw gY W 3 · B ]

⇒ diagonalization in W 3–B sector gives massless γ and M2
Z = (g2

w + g2
Y )C2Λ2

T

owing to the custodial SU(2)L×SU(2)R symmetry in the gY → 0 limit

b2ρcrb2ΛT 
t t 

A A 

t 

b2ρcrb2ΛT 
τ τ

B B 

τ

• prediction mτ/mtop ∼ α2
Y |ΛT /α

2
s |ΛT ' 0.01 from

Ltop
W +Y = 1

2 b2ρt
cr [
(
q̄L
←−
D

BWA
µ φ̃DBA

µ tR
)

+ h.c.] + ηt
cr [q̄Lφ̃tR]

LτW +Y = 1
2 b2ρτcr [

(
¯̀L
←−
D

BW
µ φDB

µτR
)

+ h.c.] + ητcr [¯̀LφτR]

⇒ mtop = O(g4
sρ

t
crρ

Q
cr NT Nc)ΛT mτ = O(g4

Yρ
τ
crρ

Q
cr NT NY

Q+L)ΛT
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EL at momenta� ΛT

Tera-dof’s with masses O(ΛT ∼ a few TeV’s) are integrated out
Tera-forces bind a WW/ZZ = h state
h resonance, mh ∼ 125� ΛT is left behind
We need to include this “light” χL × χR singlet in the EL
One gets an EL very similar to the SM
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SM vs. our critical model EL (no leptons & UY (1))
• SM Lagrangian [I(f ) = weak isospin of flavour f ]

LSM =
1
4

FW FW +
1
4

FAFA +
∑

f

(f̄R /D A
f fR + f̄L /D

W ,A
f fL) +

+Tr[DW
µ Φ DW

µ Φ†] + V (Φ) +
∑

f

yf (f̄LφI(f )fR + f̄Rφ
†
I(f )fL)

yf = mf/v Φ = (φ1/2 = −iτ2φ
∗ |φ−1/2 = φ) = (v + h)11 + i~τ~π

• Our model Effective Lagrangian at momenta� ΛT

Lcr =
1
4

FW FW +
1
4

FAFA +
∑

f

(f̄R /DA
f fR + f̄L /D

W ,A
f fL) +

+
1
2
∂µh∂µh + [cΛ2

T + c′ΛT h + c′′h2]Tr[DW
µ U†DW

µ U] + V (h) +

+
∑

f

[xf ΛT + kf h](f̄LuI(f )fR + f̄Ru†I(f )fL) + ...

U = exp (i~τ~π/
√

cΛT ) = (u1/2 = −iτ2u? |u−1/2 = u)

• If xf : kf = 1 : 1 and c : c′ : c′′ = 1 : 2 : 1 =⇒ LSM = Lcr
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Part VIII
Conclusions & Outlook
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Conclusions

We have identified a NP mechanism for mass generation
successfully tested in lattice simulations

We speculated that mNP ∝ α2ΛRGI , then
mtop ∼ 170 GeV calls for a superstrong interaction at a few TeV’s
leading to an understanding of the

EW scale magnitude
fermion mass hierarchy owing to

αw � αs � αT

We got a NP solution to the “naturalness" problem
symmetry enhancement (∼ recovery of χ̃) keeps masses small

Phenomenology
need a good&convincing interpretation of 125 GeV resonance

we suggest it is a WW/ZZ -bound state with Ebind = O(g4
w MW )

need to study how the “low energy theory” deviates from SM
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Outlook
A road to a full beyond-the-Standard-Model model (bSMm)

1 Done
introduce electro-weak interactions by gauging χL × UY (1)
include Tera-quarks and Tera-leptons

no need for Extended Techni-Color
all masses ∝ (ΛT× powers of coupling constants)
at this stage neutrinos are massless

2 Comparing with SM (issues in order of decreasing energy)
strong and electro-weak coupling unification: no fast proton decay
Tera-resonances with MHT ∼ a few TeV’s predicted
low energy “critical theory” looks very similar to the SM

3 To be done
Introduce families and split quark & lepton weak isospin doublets
Phenomenology

EW precision tests - S-parameter bounds “ok” as mT ∼O(ΛT )
FCNCs to a comfortably low level (no tree-level FCNC processes)
heavy dark matter candidates, mass ∼ O(a few TeV’s)
M3 = εabc(N̄αUα

a )(N̄α′γ5Uα′
b )(L̄α′′γ5Dα′′

c )← colour entanglement

B̄LBQ = (εαβγN̄αL̄β L̄γ) (εabcε
α′β′γ′Ua

α′D
b
β′D

c
γ′)← e.m. binding
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Thanks for your attention
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Santa Fe’ 1998
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Back-up slides

Back-up slides
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Checking the ρ dependence
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mcr in L QCD
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Towards a realistic bSMm: particle content

Hypothesis: effective mass of elementary particles stemming from our mechanism

Consistency of hypothesis with experimentally observed masses implies (hints at)

• new strong SU(NT ) interaction with RGI scale ΛT > MW � ΛQCD

• new set of fermions subjected to the new force (besides to SM interactions)

QL ∈ (NT , 3, 2; Y L
Q) , LL ∈ (NT , 1, 2; Y L

L )

Qu
R ∈ (NT , 3, 1; Y u

R ) , Lu
R ∈ (NT , 1, 1; Y u

L )

Qd
R ∈ (NT , 3, 1; Y d

R ) , Ld
R ∈ (NT , 1, 1; Y d

L )

with (irrep. of SU(NT ), SU(3)c , SU(2)L; Y = Qem − T3) ; besides SM fermions, e.g.

qL ∈ (1, 3, 2; 1/6) , `L ∈ (1, 3, 2;−1/2)

tR ∈ (1, 3, 1; 2/3) , νR ∈ (1, 1, 1; 0)

bR ∈ (1, 3, 1;−1/3) , τR ∈ (1, 1, 1;−1)

• composite higgs: a bound state in WW , ZZ , QQ̄, LL̄ ... channel; new fermions &

strong force crucial for binding; needed for unitarity of WW → WW scattering at LE
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Isospin splitting from approximate symmetries

Impose further approximate symmetries to get mb < mtop and mν = 0

1) Besides L-invariance under f (x)→ f (x) + const, f̄ (x)→ f̄ (x) + const,
as gs,w,y → 0 for all fermion species f [Goltermann & Petcher, 1990]

2) require invariance under bR(x)→ −bR(x), b̄R(x)→ −b̄R(x), as gs,w,y → 0

It forbids the “standard” d = 6 Wilson term of the b quark

1) + 2) allow

Lb
W +Y = 1

2 b4ρ̃q,d
cr
(
q̄L[
←−
D

BWA
µ ,
←−
D

BWA
ν ]DBW

µ φDBA
ν bR + h.c.

)
+ ηq,d

cr q̄LφbR

LνW +Y = 1
2 b4ρ̃`,ucr

(
¯̀L[
←−
D

BWA
µ ,
←−
D

BWA
ν ]DBW

µ φ̃ ∂ννR + h.c.
)

+ η`,ucr
¯̀Lφ̃νR

A b 
b4ρcr b2ΛT 

b A 

W,B,A 

leading to mb = O(g4
s g2

s,w,y Ns,w,y ρ̃
q,d
cr ρ

Q
cr NcNT )ΛT but still mν = 0
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125 GeV resonance (h): a WW − ZZ bound state?

Loops of Tera-particles can bind WW −ZZ yielding a “light” resonance with mh � ΛT

In GV3 (p) =
∫

dtd3xd3yd3z e−ip0t−i~p~x+i~p~z V−2
3

〈
W (~x , t)W (~y , t)W †(~z, 0)W †(~0, 0)

〉
due to a large effective WW -WW coupling ∆2

0 = O(Λ2−2
T ) g4

W 4M 2
W one expects

GV3 (p) ⇒
ganalyt (p2)

p2 + 4M2
W

{
1 +

∆2
0(p2)

p2 + 4M2
W

+ . . .
}

=
ganalyt (p2)

p2 + 4M2
W −∆2

0(p2)

p2'−M2
h→

g2
W M2

W

−s + M2
h

V3 →∞: besides a cut at −p2 > 4M2
W , sum over T -meson exchanges yields a pole

at p2 = −M2
h = −4M2

W + ∆2
0(−M2

h ) ↔ Mh = 2MW

(
1− O(

(meff
Q/L)2

M 2
T−meson

)g4
W

)1/2

+   ...   + +   ...   =   ...   + TM

W

b2ρcr

b2ρcr b2ρcr

b2ρcr

b2ρcr b2ρcr

b2ρcr b2ρcr

W W

W

W

W W

W W

W W

W

G

G

+ + hTM TM TM +  ...  =

W W W

W W W

W W

W W

W

W

W

W

W

W
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