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1. Introduction

The existence of a new strong force in Nature to explain the breaking of Electro–Weak Sym-
metry dynamically remains one of two the most intriguing possibilities, the other being supersym-
metry. Technicolor (TC) models build on our knowledge of the non-perturbative dynamics of QCD.
As in the theory of Strong interactions, chiral symmetry breaking occurs in the new postulated sec-
tor but at an higher energy scale ∼TeV leading to Electro–Weak symmetry breaking and providing
the correct mass for the Standard Model (SM) gauge bosons. The SM fermions acquire a mass if
we further postulate the existence of Extended Technicolor (ETC) interactions.

The first models of TC were based on a scaled up version of QCD, i.e. they were based on a
SU(N) gauge theory with a small number of fundamental matter fields. It was soon realized that
such models are not viable candidates. In fact together with the mass of SM fermions, large Flavor
Changing Neutral Currents (FCNC) and large values of the Peskin-Takeuchi S parameter would
also be generated. Electroweak precision tests performed at LEP tightly constrain the allowed
values for FCNC and the oblique parameters, and the scaled up version of QCD is incompatible
with the experiments.

The problems of the naive rescaling of QCD could be avoided if the dynamics of the new
sector is sufficiently different from QCD. Walking and conformal technicolor theories have been
proposed whose large-distance dynamics is expected to be very different from the one of QCD.
In particular it was shown that models falling in these frameworks could satisfy the experimental
constraints (for recent reviews of techicolor models see [1, 2, 3, 4]).

Good candidate models in these frameworks are those which lie close to the lower boundary of
the so-called conformal window, where the presence of an (approximate) IR fixed point is believed
to significantly change the non-perturbative dynamics of the theory. The use of matter fields in
higher dimensional representations has been recently advocated [5, 6] as an effective and economic
way of satisfying all known experimental constraints.

Here we will investigate the so-called Minimal Walking Technicolor theory, based on the
gauge group SU(2) with two Dirac fermions in the adjoint representation. For a realistic model
of Nature the new strong sector of MWT should be complemented by a new 4th family of leptons
to cancel the global Witten anomaly and new ETC interactions should be introduced at a higher
scale ΛETC� ΛTC ∼ 1TeV to give mass to the SM fermions.

These unspecified ETC interactions can be taken into account at the TC scale through effective
4-fermion interactions, which we indicate schematically as:

∆L ∝
1

Λ2
ETC

Ψ̄ΨΨ̄Ψ,
1

Λ2
ETC

Ψ̄Ψψ̄ψ,
1

Λ2
ETC

ψ̄ψψ̄ψ ; (1.1)

here we indicated with Ψ the new techni-fermions and with ψ the SM fermions fields. From
Eq. (1.1) it is clear that a tension exists between obtaining the correct value for the SM fermions,
generated by the second kind of interactions, and producing small FCNC, generated by the third
kind of interactions. The latter can be suppressed by requiring ΛETC to be large enough, but then the
model should provide an enhancement mechanism for producing a condensate 〈Ψ̄Ψ〉 much bigger
than in QCD. A possible enhancement mechanism is walking. In a walking theory the presence
an approximate IR fixed point makes the couplings of the theory evolve very slowly among two
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energy scales, which could ideally be identified with the ΛTC and the ΛETC scale. If this is the case
the also the anomalous dimension of the mass γ(α(µ)) will be approximatively constant ≈ γ∗ as a
function of the sliding energy scale µ , yielding for the condensate:

〈Ψ̄Ψ〉ETC ' 〈Ψ̄Ψ〉TC

(
ΛETC

ΛTC

)γ∗

, (1.2)

which is, as anticipated, much bigger than in the QCD-like case for which we have (γ(α)≈ kα):

〈Ψ̄Ψ〉ETC ' 〈Ψ̄Ψ〉TC

(
ln

ΛETC

ΛTC

)k

. (1.3)

A few comments are in order. A large value of γ∗ are needed to generate masses to all the SM
fermions. When considering the TC strong sector in isolation, larger values of γ∗ are expected near
the lower boundary of the conformal window. This value of γ∗ could be modified by the effects
of the ETC interactions [7]. Even if the strong TC sector in isolation is conformal, it could still be
used as a viable model of TC once small deformations, such as a mass term, are introduced.

The results presented below are obtained for MWT as a strongly coupled theory in isolation
and are based on our recent work published in [8, 9, 10]. In this proceeding we will focus our
attention only on the mesonic spectrum. A companion contribution [11] presents in details our
study of the gluonic sector.

2. Numerical simulation

For the numerical simulations of the SU(2) gauge theory with two Wilson-Dirac fermions in
the adjoint representation, we used our own HiRep code which we developed from scratch and
extensively tested and presented in [12]. All the simulations presented in this work are performed
at a fixed lattice spacing, corresponding to a bare coupling β = 2.25. This value of the coupling is
chosen to avoid a bulk phase transition present at about β = 2.0 [13, 14, 15].

The extrapolation towards the continuum limit will require a new series of runs at different
values of the bare coupling, and it will be the matter of future investigations.

We show results for four different lattices: 16× 83, 24× 123, 32× 163 and 64× 243. We
produced for each of these four lattices a number of ensembles corresponding to different quark
masses, in the range corresponding to pseudoscalar masses between 0.6a−1 and 0.2a−1 in units of
the lattice spacing a.

When using Wilson fermions, the chiral and infinite volume limits are intertwined. In practice
for the simulation to be stable, one cannot arbitrarily decrease the quark mass without also increas-
ing the volume. This is also necessary to keep under control finite-volume effects, thus remaining
in the large volume phase. To control the size of these systematic errors we perform simulations
with different volumes.

For each lattice size and quark mass we produced a statistical ensemble of about 5000 ther-
malized configurations, except on the largest lattice for which our preliminary result is based on
approximately 500 configurations at each quark mass. Further details about the numerical simula-
tions can be found in [9, 10].
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Figure 1: Extrapolation of the quark mass from the
axial Ward identity to locate the chiral limit. As ex-
pected no significant finite size effects are present.
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Figure 2: Ratio of the pseudoscalar mass squared to
the PCAC mass. The extrapolation to the chiral limit
suffers from large finite-volume effects. See the text
for a discussion.

For each ensemble of configurations, we measured a set of observables which includes mesonic
and gluonic observables. Here we only present result for the mesonic spectrum. The mesonic ob-
servables we will consider are the current quark mass from the axial Ward identity (PCAC mass)
m, the pseudoscalar triplet meson mass MPS, its decay constant FPS, and the vector triplet meson
mass MV. Their complete definitions and the numerical methods used to extract these observables
on the lattice are described in [9].

3. Results

The chiral limit with Wilson fermions is identified with the limit in which the PCAC mass
vanishes. The explicit breaking of the chiral symmetry with Wilson fermions induces an additive
renormalization of the bare quark mass. In Fig. 1 the measured PCAC mass is shown, as a function
of the bare mass m0, for different lattice sizes. Being an ultraviolet quantity, this particular observ-
able is insensitive to the physical volume. A linear extrapolation is performed of the four lightest
points available, yielding the location of the chiral limit for critical bare mass amc =−1.202(1).

Our results for the mass of the pseudoscalar meson are presented in Fig. 2. Given the level of
accuracy of the measure of the mass, the finite volume effects on MPS are clearly visible and, as the
PCAC mass is decreased, they become more and more pronounced, as expected. To quantify this
systematic effect and to keep it under control, we use larger lattices as the chiral limit is approached.

To distinguish between the IR-conformal and the QCD-like case, we plot in Fig. 2 the ratio
aM2

PS/m. For a QCD-like theory this ratio aM2
PS/m should converge to a non-zero constant in the

chiral limit. On the other hand if the theory has an IR fixed point the ratio should vanish in the
chiral limit if the anomalous dimension of the mass at the fixed point satisfies γ∗ < 1 or diverge
if γ∗ > 1. We note that finite volume effects tend to make the ratio aM2

PS/m smaller. However if
one assumes a confining scenario and tries a linear extrapolation using the lightest quark masses
available in the range am < 0.1, the extrapolated value remains consistent with zero within 2σ .
We conclude that this is a first hint that our data favor the IR conformal scenario with γ∗ < 1. An
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Figure 3: Comparison between the vector and pseu-
doscalar meson masses. At large PCAC mass, due to
quenching the ratio is very near to one. Near the chiral
limit large finite size effects show up.
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Figure 4: Pseudoscalar decay constant near the chiral
limit. Very large finite volume effects are present also
in this case which cause the chiral extraplation to be
have large uncertainties.

accurate determination of the anomalous dimension is difficult from this measure of MPS alone,
but it is clear from the almost linear behavior of MPS as a function of m that a small value of γ∗ is
preferred. The IR conformal scenario is also favored when one looks at the ratio of the vector to
the pseudoscalar mesons masses which is shown in Fig. 3. This ratio is bounded to be greater than
1 and it tends to 1 in the heavy quark limit. At large m finite volume effects are small, the ratio is
bigger than 1 and decreasing as m increases as expected. What is remarkable in our data is the fact
that in the whole mass range we were able to explore, and in which the MPS changes roughly by a
factor of 7, the vector meson never becomes more than 5% heavier than the pseudoscalar, so that
this ratio remains approximately constant in the chiral limit. This is the expected behavior in an IR
conformal theory as in this case all the hadronic masses scale with the same critical exponent in the
limit m→ 0.

In Fig. 4 we consider another physically interesting quantity: the pseudoscalar decay constant
FPS. This quantity is the one which shows the largest finite-volume effects. The curves defined by
FPS at different volumes, as a function of the PCAC mass tend to a clearly visible envelop for large
volumes, which should be used for the chiral extrapolation. For a QCD-like theory the result in
the chiral limit is a non-zero value. The direct extrapolation however is difficult to carry out with
reasonable accuracy; for this reason, we prefer to exploit the finite-size effects to obtain a more
insightful result. It is well known that in the neighborhood of an IR fixed point one can consider
the finite size L of the system as a relevant parameter in the RG flux and thus obtain universal
scaling laws for physical observables. These finite size scaling can be conveniently rewritten, for
the case of the pseudoscalar decay constant, as:

LFPS = ϒ(Lm1/(1+γ∗)) . (3.1)

Scaling is observed if the different curves obtained by varying the mass and corresponding to
different volumes, collapse on top of each other. By varying the critical exponent γ∗ an estimate of
its value can be obtained, if scaling is observed. We plot in Fig. 5, the quantity LFPS as a function
of x = Lm1/(1+γ∗) for a range of values of γ∗. Good scaling is observed for small values of γ∗, while
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Figure 5: Quality of the scaling of LFPS as a function of x = Lm1/(1+γ∗) for various values of γ∗.

large values of γ∗ seem again to be disfavoured. The observed scaling is again in agreement with
the existence of an IR fixed point with a small γ∗ in the MWT theory. The range of values of γ∗
for which a good quality of the scaling is obtained is also compatible with independent estimates
performed with the Schrödinger functional [16].

4. Conclusion

In this work we have presented the results of our measure of the mesonic spectrum of one of
the candidate theories for a realistic technicolor model, the so-called Minimal Walking Technicolor,
based on gauge group SU(2) with two Dirac adjoint fermions.

Using numerical lattice simulations we found evidence that the MWT theory lies inside the
conformal window and possesses an IR conformal fixed point. The evidence provided is based
on the behavior of the different mesonic observables, namely the pseudoscalar and vector meson
mass and the pseudoscalar decay constant. These quantities show significant deviations from the
expectations of a more familiar QCD-like scenario, where spontaneous chiral symmetry breaking
occurs. On the other hand our data is compatible with the existence of an IR fixed point when using
the scaling laws expected in this case.

Although clear signs of IR conformality were presented, the present study still has several
limitations which need to be addressed. The major source of uncertainty is the use of a single
lattice spacing in all our numerical simulations. A continuum extrapolation involving different
lattice spacings is highly desirable.

6



P
o
S
(
L
a
t
t
i
c
e
 
2
0
1
0
)
0
6
9

MWT: Mesonic spectrum Claudio Pica

Finally in this proceeding we only discussed the mesonic spectrum, while substantially more
information can be obtained by combining it with observables from other sectors of the theory, as
we proposed in Ref. [8]. The detailed study of gluonic observables, and their comparison to the
mesonic ones is presented in the companion contribution [11], which provides further evidence for
the existence of an IR fixed point.
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