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The Standard Model

Bosonic sector
SU(3)c × SU(2)L × U(1)Y
Gµν Wµν Bµν

Fermionic sector

(
uiL
diL

)
, uiR , diR(

eiL
νiL

)
, eiR , νiR(?) i = 1, 2, 3

Higgs sector

Higgs field
– complex scalar field in the 1

2
repr. of SU(2)L

Mexican-hat potential
– SU(2)L × U(1)Y → U(1)EM and Higgs mechanism
Yukawa coupling
– fermion masses

Elegant and quite economical description of Nature.
Explains almost everything we observed so far but...
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. . . and Beyond

The Higgs has not yet been observed (in two years we will probably know if it’s there).
The Higgs mass is expected to get corrections of the order of the natural cut-off (Planck scale)
where new effects are expected. → fine-tuning problem

C. Pica (CP3-Origins, SDU) SU(2) with adjoint fermions Lattice 2010, 15/6/2010 4 / 17



Particle Physics & Origin of Mass

CP  - Origins3

. . . and Beyond

The Higgs has not yet been observed (in two years we will probably know if it’s there).
The Higgs mass is expected to get corrections of the order of the natural cut-off (Planck scale)
where new effects are expected. → fine-tuning problem

In this talk we will consider a model of DEWSB: Minimal Walking Technicolor

SU(2) gauge with

(
UL
DL

)
, UR, DR adj + e4, ν4 + ETC

The unspecified ETC interactions at ΛETC >> ΛTC ≈ 1 TeV can be taken into account at the
TC scale through effective 4-fermions interactions:

∆L ∝ 1

Λ2
ETC

Ψ̄ΨΨ̄Ψ,
1

Λ2
ETC

Ψ̄Ψψ̄ψ,
1

Λ2
ETC

ψ̄ψψ̄ψ
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Technicolor

the techni-quark condensate breaks the EW symmetry

SU(2)L × U(1)Y → U(1)EM

ΛTC is tuned to give the right mass to the W±, Z bosons

4-operator coupling Ψ̄Ψψ̄ψ to give mass to the SM fermions; effectively generated by
some more fundamental theory (extended technicolor, ETC) at higher energy ΛETC

in general too many technipions exists

ETC generates also masses for the extra technipions (good!) and flavor changing neutral
currents (FCNC, bad!)

we can require ΛETC to be high enough in order to suppress FCNC (' 1000 TeV), but
then we need an enhancement mechanism to get reasonable masses for the SM fermions
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Walking and β-function

Walking needs two separate scales ΛETC and ΛTC

Figure 5: Top Left Panel: QCD-like behavior of the coupling constant as function of the mo-
mentum (Running). Top Right Panel: Walking-like behavior of the coupling constant as func-
tion of the momentum (Walking). Bottom Right Panel: Cartoon of the beta function associated
to a generic walking theory.

of the TC condensate at different scales shows that if the dynamics is such that the TC coupling
does not run to the UV fixed point but rather slowly reduces to zero one achieves a net enhance-
ment of the condensate itself with respect to the value estimated earlier. This can be achieved if
the theory has a near conformal fixed point. This kind of dynamics has been denoted of walking
type. In this case

〈Q̄Q〉ETC ∼
(
ΛETC

ΛTC

)γ(α∗)

〈Q̄Q〉TC , (2.44)

which is a much larger contribution than in QCD dynamics [32, 33, 34, 35]. Here γ is evalu-
ated at the would be fixed point value α∗. Walking can help resolving the problem of FCNCs
in technicolor models since with a large enhancement of the 〈Q̄Q〉 condensate the four-fermi
operators involving SM fermions and technifermions and the ones involving technifermions are
enhanced by a factor of ΛETC/ΛTC to the γ power while the one involving only standard model
fermions is not enhanced.

In the figure 5 the comparison between a running and walking behavior of the coupling is
qualitatively represented.

2.7 Weinberg Sum Rules and Electroweak Parameters

Any strongly coupled dynamics, even of walking type, will generate a spectrum of reso-
nances whose natural splitting in mass is of the order of the intrinsic scale of the theory which
in this case is the Fermi scale. In order to extract predictions for the composite vector spectrum
and couplings in presence of a strongly interacting sector and an asymptotically free gauge the-

18

If the anomalous dimension of the mass γ is large ∼ 1, masses for SM particles can be generated.
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Why walking

Taking into account renormalization effects to the operators which generate the quark and
lepton masses by TC we have:

〈Ψ̄Ψ〉ETC = 〈Ψ̄Ψ〉TC exp

(∫ ΛETC

ΛTC

dµ

µ
γ(α(µ))

)

For a QCD-like behavior: α(µ) ∝ 1/ ln(µ), γ ' k ∗ α

〈Ψ̄Ψ〉ETC ' 〈Ψ̄Ψ〉TC
(

ln
ΛETC

ΛTC

)k
In a walking theory: α ' α∗, γ ' γ∗

〈Ψ̄Ψ〉ETC ' 〈Ψ̄Ψ〉TC
(

ΛETC

ΛTC

)γ∗
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SU(2) with 2 Dirac adjoint fermions

an (approximate) IR fixed point with large γ is expected near the lower bound of the
conformal window (CW)

even if the strongly interacting TC sector in isolation is inside the CW, ETC interations
will deform the theory and the IR fixed point will disappear – in fact this seems even more
natural than expecting a near IR fixed point in the isolated TC sector.

Minimal Walking Technicolor is the theory which lies close to the lower bound of the CW

with the smallest naive estimate of the S parameter (S ' NDdR
6π

)
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Minimal Walking Technicolor

SU(2) + 1 Adjoint fermion doublet
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Some simulation details

HiRep code (Phys. Rev. D 71, (2010) 094503)

standard Wilson plaquette action

2 Dirac Wilson fermions in the adjoint representation

1 lattice spacing corresponding to β = 2.25

4 volumes: 16x83, 24x123, 32x163, 64x243

Order 5000 configurations for each point.

measure of the mesonic spectrum, glueball spectrum and string tension
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Deforming the IR-conformal theory with a small mass

C(t, g,m, µ) =

∫
d3x 〈ΦR(t,x)ΦR(0)〉(g,m, µ)

Weinberg-Callan-Symanzik equation.

Close to the fixed point...

{
t
∂

∂t
+ β(g)

∂

∂g
− [1 + γ(g)]m

∂

∂m
+ 2 [dΦ − γΦ(g)]

}
C(t, g,m, µ) = 0

+ corrections

µ
dg

dµ
= β(g)

µ

m

dm

dµ
= −γ(g)
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Deforming the IR-conformal theory with a small mass

C(t, g,m, µ) =

∫
d3x 〈ΦR(t,x)ΦR(0)〉(g,m, µ)

Weinberg-Callan-Symanzik equation.

Close to the fixed point...

{
t
∂

∂t
− [1 + γ]m

∂

∂m
+ 2 [dΦ − γΦ]

}
C(t, g,m, µ) = 0

+ corrections

Solution of the Weinberg-Callan-Symanzik equation.

C(t, g,m, µ) ' b2(dΦ−γΦ)C(bt, g∗, b−(1+γ)m,µ) =

' µ2dΦ

(
m

µ

)2
dΦ−γΦ

1+γ

F
(
tm

1
1+γ , µ

)
The mass term breaks the asymptotic scale invariance. A mass gap is expected to be generated.

C(t, g,m, µ) ' A exp (−MΦt)

MΦ = aΦµ

(
m

µ

) 1
1+γ

m→ 0
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Chiral Limit

The quark mass from the axial Ward identity (PCAC mass) is used.
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Pseudoscalar Mass
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Pseudoscalar Mass
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Pseudoscalar Mass
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QCD-like → constant, γ∗ < 1→ 0, γ∗ > 1→∞
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Vector over Pseudoscalar
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Vector over Pseudoscalar
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FPS and finite size scaling
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FPS and finite size scaling
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Vector mass and FPS
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Conclusion

Mesonic observables in MWT show evidence for an IR fixed
point:

I scaling of MPS vs. m
I ratio of MV /MPS constant
I FSS of FPS

γ∗ < 1, our central value is small: ≈ 0.2 (still large systematics)

Attack the problem from various angles to make sure that the
results express truly physical features of the system
↪→ better control on systematic errors
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