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voices:  a light Higgs-like scalar was found, consistent with elementary scalar 
in the Standard Model, and composite states have not been seen below 
1 TeV. Strongly coupled Beyond the Standard Model gauge theories are 
Higgs-less with resonances below 1 TeV.

facts: compositeness and a light Higgs scalar are not incompatible; search for 
composite states was not based on solid predictions but on naively scaled 
up QCD and unacceptable old technicolor guessing games. 

dilaton: perhaps the most intriguing new scenario, a light pseudo-Goldstone 
particle of broken scale invariance of the near-conformal gauge theory.

lattice plans:  LHC14 will search for new physics from compositeness and 
SUSY, and the lattice BSM community is preparing quantitative lattice based 
predictions to be ruled in or ruled out. 
We better get it right!

Elementary, or composite?

•  After the Higgs is found why bother with BSM?  Nothing else was seen 
   and perhaps no new physics below the Planck scale? 

• But Standard Model Higgs potential of the elementary scalar is 
   parametrization rather than dynamical explanation: 
   λϕ4 not gauge force - severe consequences! 

• Built in cutoff from triviality with quadratic divergences leading to fine 
   tuning and the hierarchy problem; vacuum instability.

• Standard Model is low energy effective theory with built in cut-off.

• Can new physics from compositeness hide within LHC14 reach, or just 
   above, with some imprint to see? 

•Can we make some predictions on what to expect it in the LHC14 run?

mσ

fσ
→ ?

It is easy to derive, like for example in [70], the dilaton ma-
trix element of the energy-momentum tensor trace using some
particular definition of the subtraction scheme,

�σ(p = 0)|
�
Θ
µ
µ(0)
�

NP
|0� � 4

fσ
�0|
�
Θ
µ
µ(0)
�

NP
|0� . (9)

When combined with Eq. (6), the partially conserved dilatation
current (PCDC) relation is obtained,

m
2
σ � −

4
f 2
σ

�0|
�
Θ
µ
µ(0)
�

NP
|0� . (10)

Predictions for mσ close to the conformal window depend on
the behavior of fσ and the gluon condensate

�
G

a

µνG
aµν
�

NP
of

Eq. (7). There are two different expectations about the limit
of the gluon condensate to fσ ratio when the conformal win-
dow is approached. In one interpretation, the right-hand side of
Eq. (10) is predicted to approach zero in the limit, so that the
dilaton mass m

2
σ � (Nc

f
− Nf ) · Λ2 would parametrically van-

ish when the conformal limit is reached. The Λ scale is defined
where the running coupling becomes strong to trigger χSB. The
formal parameter N

c

f
− Nf with the non-physical (fractional)

critical number of fermions vanishes when the conformal phase
is reached [70]. In an alternate interpretation the right-hand
side ratio of Eq. (10) remains finite in the limit and a residual
dilaton mass is expected when scaled with fσ � Λ [73, 74].

It is important to note that there is no guarantee, even with
a very small β-function near the conformal window, for the re-
alization of a light enough dilaton to act as the new Higgs-like
particle. Realistic BSM models have not been built with para-
metric tuning close to the conformal window. For example, the
sextet model is at some intrinsically determined position near
the conformal window and only non-perturbative lattice calcu-
lations can explore the physical properties of the scalar particle.

6.3. The non-perturbative gluon condensate on the lattice

The lattice determination of the non-perturbative gluon con-
densate can help to understand the consequences of the PCDC
relation. Power divergences are severe in the calculation of the
lattice gluon condensate, because the operator αG

a

µνG
aµν has

quartic divergences. The gluon condensate is computed on the
lattice from the expectation value of the plaquette operator UP.
On the tree level we have the relation

lima→0

�
1
a4 �1 −

1
3

tr UP�
�
=
π2

36
�α
π

GG�lattice (11)

as the continuum limit is approached in the limit of vanishing
bare lattice coupling g0. At finite lattice coupling we have the
sum of a perturbative series in g0 and the non-perturbative gluon
condensate,

�
1− 1

3
tr UP

�
=
�

n

cn ·g2n

0 +a
4 π

2

36

�
b0

β(g0)

� �α
π

GG

�
lattice
+ O(a6) ,

(12)
where b0 is the leading β-function coefficient. There is no
gauge-invariant operator of dimension 2 and therefore the or-
der a

2 term is missing in Eq. (12). For small lattice spacing a,

the perturbative series is much larger than the non-perturbative
gluon condensate, and its determination requires the subtraction
of the perturbative series from the high accuracy Monte Carlo
data of the plaquette. The cn expansion coefficents can be deter-
mined to high order using stochastic perturbation theory [96].
This procedure requires the investigation of Borel summation
of the high order terms in the perturbative expansion since the
coefficients cn are expected to diverge in factorial order and
one has to deal with the well-known renormalon issues. The
methodology has been extensively studied in pure Yang-Mills
theory on the lattice [97].

It will be very important to undertake similar investigations
of the non-perturbative gluon condensate in the sextet model
with full fermion dynamics. We hope to return to this problem
in the near future.

Summary and outlook

We have shown that the chiral condensate and the mass spec-
trum of the sextet model are consistent with chiral symmetry
breaking in the limit of vanishing fermion mass. In contrast,
sextet fermion mass deformations of spectral properties are not
consistent with leading conformal scaling behavior near the
critical surface of a conformal theory. Our new results are rec-
onciled with recent findings of the sextet β-function [3], if the
model is close to the conformal window with a very small non-
vanishing β-function. This leaves open the possibility of a light
scalar state with quantum numbers of the Higgs impostor. The
light Higgs-like state could emerge as the pseudo-Goldstone
dilaton from spontaneous symmetry breaking of scale invari-
ance. Even without association with the dilaton, the scalar
Higgs-like state can be light if the sextet gauge model is very
close to the conformal window. A new Higgs project of sex-
tet lattice simulations was outlined to resolve these important
questions. Plans include the determination of the S parameter
and the sextet confining force with results on the string tension
already reported, strongly favoring the χSB hypothesis [98].

Acknowledgments

This work was supported by the DOE under grant DE-
FG02-90ER40546, by the NSF under grants 0704171 and
0970137, by the EU Framework Programme 7 grant (FP7/2007-
2013)/ERC No 208740, and by the Deutsche Forschungsge-
meinschaft grant SFB-TR 55. The simulations were performed
using USQCD computational resources at Fermilab and JLab.
Further support was provided by the UCSD GPU cluster funded
by DOE ARRA Award ER40546. Some of the simulations used
allocations from the Extreme Science and Engineering Discov-
ery Environment (XSEDE), which is supported by National
Science Foundation grant number OCI-1053575. In addition,
some computational resources were used at the University of
Wuppertal, Germany. We are grateful to Kalman Szabo and
Sandor Katz for their code development building on Wuppertal
gpu technology [99]. KH wishes to thank the Institute for Theo-
retical Physics and the Albert Einstein Center for Fundamental
Physics at Bern University for their support.

9

Partially Conserved Dilatation Current (PCDC)
will the gradient flow help to make it precise?

0 0.005 0.01 0.015
0

0.1

0.2

0.3

0.4

0.5

0.6

 m

 e
ffe

ct
iv

e 
m

as
s 

  M
co

n
f0

m fit range:  0.003  0.010

input from volumes  243! 48, 323! 64 

Mcon
f0  = M0 + c1 m      =3.2  

 f0 meson mass requires missing disconnected part

M0=  0.1555 " 0.0070

c1=  25.3 " 1.3

2/dof= 1.21

 effective mass  Mcon
f0     from 0++ connected correlator  

Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold effects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing β-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (χSB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and χSB are not
sufficient to guarantee a light dilaton state if scale symmetry
breaking and χSB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = Θµνxν can be
defined from the symmetric energy-momentum tensor Θµν. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

∂µD
µ = Θ

µ
µ =
β(α)
4α

G
a

µνG
aµν . (4)

Although α(µ) and G
a

µνG
aµν depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with G

a

µν, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator G

a

µνG
aµν and

Θ
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling fσ is defined by the matrix element

�0|Θµν(x)|σ(p)� = fσ

3
(p
µ
p
ν − g

µν
p

2)e−ipx (5)

with p
2 = m

2
σ for the on-shell dilaton state σ(p). From the

divergence of the dilatation current in Eq. (4) we get

�0|∂µDµ(x)|σ(p)� = fσm
2
σe
−ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

Θ
µ
µ

�
NP
=
β(α)
4α

�
G

a

µνG
aµν
�

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,

�
Θ
µ
µ

�
NP
=
β(α)
4α

G
a

µνG
aµν − �0|β(α)

4α
G

a

µνG
aµν
|0�PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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Dilatation current
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Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold effects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing β-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (χSB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and χSB are not
sufficient to guarantee a light dilaton state if scale symmetry
breaking and χSB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = Θµνxν can be
defined from the symmetric energy-momentum tensor Θµν. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

∂µD
µ = Θ

µ
µ =
β(α)
4α

G
a

µνG
aµν . (4)

Although α(µ) and G
a

µνG
aµν depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with G

a

µν, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator G

a

µνG
aµν and

Θ
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling fσ is defined by the matrix element

�0|Θµν(x)|σ(p)� = fσ

3
(p
µ
p
ν − g

µν
p

2)e−ipx (5)

with p
2 = m

2
σ for the on-shell dilaton state σ(p). From the

divergence of the dilatation current in Eq. (4) we get

�0|∂µDµ(x)|σ(p)� = fσm
2
σe
−ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

Θ
µ
µ

�
NP
=
β(α)
4α

�
G

a

µνG
aµν
�

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,

�
Θ
µ
µ

�
NP
=
β(α)
4α

G
a

µνG
aµν − �0|β(α)

4α
G

a

µνG
aµν
|0�PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold effects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing β-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (χSB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and χSB are not
sufficient to guarantee a light dilaton state if scale symmetry
breaking and χSB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = Θµνxν can be
defined from the symmetric energy-momentum tensor Θµν. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

∂µD
µ = Θ
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µ =
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aµν . (4)

Although α(µ) and G
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µνG
aµν depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with G

a

µν, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator G

a

µνG
aµν and

Θ
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling fσ is defined by the matrix element

�0|Θµν(x)|σ(p)� = fσ

3
(p
µ
p
ν − g

µν
p

2)e−ipx (5)

with p
2 = m

2
σ for the on-shell dilaton state σ(p). From the

divergence of the dilatation current in Eq. (4) we get

�0|∂µDµ(x)|σ(p)� = fσm
2
σe
−ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

Θ
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=
β(α)
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is defined by removing the perturbative part of the gluon con-
densate in the vacuum,
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aµν − �0|β(α)

4α
G

a

µνG
aµν
|0�PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold effects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing β-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (χSB) with the minimal Goldstone pion spectrum re-
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anism. The very small beta function (walking) and χSB are not
sufficient to guarantee a light dilaton state if scale symmetry
breaking and χSB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = Θµνxν can be
defined from the symmetric energy-momentum tensor Θµν. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

∂µD
µ = Θ

µ
µ =
β(α)
4α

G
a

µνG
aµν . (4)

Although α(µ) and G
a

µνG
aµν depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with G

a

µν, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator G

a

µνG
aµν and

Θ
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling fσ is defined by the matrix element

�0|Θµν(x)|σ(p)� = fσ

3
(p
µ
p
ν − g

µν
p

2)e−ipx (5)

with p
2 = m

2
σ for the on-shell dilaton state σ(p). From the

divergence of the dilatation current in Eq. (4) we get

�0|∂µDµ(x)|σ(p)� = fσm
2
σe
−ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

Θ
µ
µ

�
NP
=
β(α)
4α

�
G

a

µνG
aµν
�

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,

�
Θ
µ
µ

�
NP
=
β(α)
4α

G
a

µνG
aµν − �0|β(α)

4α
G

a

µνG
aµν
|0�PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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FIG. 1: Quadratically divergent diagrams contributing to the Higgs mass, with the interaction vertices

given by (2). The gauge boson exchanges are computed in Landau gauge: then the seagull diagrams,

with a single W and Z exchange, are the only quadratically divergent one-loop diagrams with gauge

boson exchanges.
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The tree-level SM is recovered for

rπ = sπ = rt = rb = 1 . (3)

We divide the radiative corrections to the TC Higgs mass into two classes: external contributions,

corresponding to loop corrections involving elementary SM fields, and TC contributions, corre-

sponding to loop corrections involving TC composites only. The latter contribute to the dynamical
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H
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to isolate the SM contributions we work in Landau gauge. Here transversely polarized gauge

boson propagators correspond to elementary fields, and massless Goldstone boson propagators

correspond to TC composites. The only SM contributions to the TC Higgs mass which are quadrat-

ically divergent in the cutoff come from the diagrams of Fig. 1. Retaining only the quadratically
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where ∆
M
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(4πκFΠ) is the scale-dependent counterterm and κ is a order unity number. To be able

to provide a physical estimate we assume that the counterterm is negligible at the scale 4πκFΠ,
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Probing technicolor theories with staggered fermions Kieran Holland

Figure 1: The conformal window for SU(N) gauge theories with Nf techniquarks in various representations,

from [3]. The shaded regions are the windows, for fundamental (gray), 2-index antisymmetric (blue), 2-index

symmetric (red) and adjoint (green) representations.

1. Introduction

The LHC will probe the mechanism of electroweak symmetry breaking. A very attractive

alternative to the standard Higgs mechanism, with fundamental scalars, involves new strongly-

interacting gauge theories, known as technicolor [1, 2]. Such models avoid difficulties of theories

with scalars, such as triviality and fine-tuning. Chiral symmetry must be spontaneously broken in

a technicolor theory, to provide the technipions which generate the W± and Z masses and break

electroweak symmetry. Although this duplication of QCD is appealing, precise electroweak mea-

surements have made it difficult to find a viable candidate theory. It is also necessary to enlarge the

theory (extended technicolor) to generate quark masses, without generating large flavor-changing

neutral currents, which is challenging.

Technicolor theories have lately enjoyed a resurgence, due to the exploration of various tech-

niquark representations [3]. Feasible candidates have fewer new flavors, reducing tension with

electroweak constraints. If a theory is almost conformal, it is possible this generates additional

energy scales, which could help in building the extended technicolor sector. There are estimates

of which theories are conformal for various representations, shown in Fig. 1. For SU(N) gauge

theory, if the number of techniquark flavors is less than some critical number, conformal and chiral

symmetries are broken and the theory is QCD-like. For future model-building, it is crucial to go be-

yond these estimates and determine precisely where the conformal windows are. There have been

a number of recent lattice simulations of technicolor theories, attempting to locate the conformal

windows for various representations [4, 5, 6, 7, 8].
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Relevance in early cosmology (order of the phase transition?)

finite temperature 
EW phase transition?

Kogut-Sinclair

Early universe:  Electroweak transition
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Dark matter
•lattice BSM phenomenology of dark matter
  pioneering LSD work

• dark matter candidate  sextet Nf=2
   electroweak active in the application

• there is room for third heavy fermion 
   flavor as electroweak singlet

•  rather subtle sextet baryon 
   construction (symmetric in color)

self-interacting?  
O(barn) cross section would be challengingThe Total Energy of the Universe:

Vacuum Energy (Dark Energy)  ~  67 %
Dark Matter                                ~  29 %
Visible Baryonic Matter              ~    4 %
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• Nf=2   Qu=2/3 Qd = -1/3
   udd neutral dark matter candidate

Early universe: Dark matterLight dilaton?
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