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New strongly coupled field theories responsible for electro-weak symmetry breaking may well
be discovered at LHC energy scales. Plans and some early attempts to explore the landscape of
non-perturbative gauge dynamics using Lattice Field Theory (LFT) is outlined in three broad
areas: (1) New strong dynamics generically referred to as “Technicolor” for electro-weak sym-
metry breaking based on the Goldstone mechanism for chiral fermions. (2) Supersymmetric
Yang Mills (SUSY) theories to stabilize the Higgs mass, which because supersymmetry must
be badly broken also requires methods to determine the vacuum structure and spectra in the
broken phase. (3) The challenge to determine a non-perturbative formulation of chiral gauge
theories, the lack of which calls into question the very existence of the Standard Model itself.

1 Introduction

It is generally acknowledged that the LHC era is likely to expose new non-perturbative physics
beyond the QCD sector of the standard model. Consequently physicists exploring candidate
scenarios for Beyond the Standard Model (BSM) have developed an overwhelming array of
possible models. To really understand the options and make a definite discrimination between
experimental signatures often will require non-perturbative investigations for which the lattice
regulator is often the only ab initio option. Thus lattice field theory is an important exploratory
tool of the theory landscape. A similar exploratory approach has proven very useful in lower
dimensions for condensed matter physics where the computational is much less demanding,
easily by factors of 103 to 106. In the coming decade, as a consequence of the availability of cost
effective Petaflop/s platforms and equally important clever new algorithms based on a deeper
understanding of non-perturbative quantum field theory, this exploratory approach will also be
a practical reality for 4-d quantum field theories. This is not to say that BSM lattice studies will
be easy. But a sustained effort on a BSM lattice program can provide an important, perhaps
essential, complement to heuristic model building and experimental searches for new physics.

2 Lattice Strong Dynamics for Physics in the LHC era

After 25 years the application of lattice field theory to Quantum Chromodynamics is entering an
era of steadily increasing accuracy, approaching a few percent errors for a range of predictions.
This has required developing powerful algorithmic tools to deal directly with light up, down
and strange quarks in the vacuum and to represent valence quark wavefunctions using both
chiral and heavy quark expansions. Based on this success, one sees a path forward to explore
similar theories on the lattice. However, since there is much less experience and no experimental



guidance for BSM strongly coupled theories, the risks are greater. To mitigate this risk, initial
projects should be pursued in areas close to QCD itself.

Pure QCD: Indeed there are opportunities within QCD itself. The salient example is the
non-perturbative computation of hadronic matrix elements for weak transitions to sharpen the
experimental tests of the standard model in for example constraining the unitarity triangle.
Another intriguing application, which is receiving increased attention, is to determine the major
uncertainty 1 in direct observation of the neutralino, a leading candidate for dark matter in the
supersymmetric extension of the standard model. The low energy scattering of neutralinos in
detectors is dominated by the Higgs exchange coupled to the strange quark loop in the nucleon
or the strange sigma term,

fTs =
ms〈p|s̄s|p〉

mp
. (1)

The present model estimates for this term result in as much as a factor of four uncertainty in the
cross-section. Improvements in dealing with “disconnected diagrams” (i.e. operators coupled to
non-valence quarks) on the lattice should reduce this uncertainty in the cross section by one to
two orders of magnitude.

Technicolor: A second, more ambitious area of BSM lattice research, is to investigate
the full dynamics of QCD-like extension to the Standard Model in the so called “technicolor”
class. While the fundamental idea of replacing the elementary Higgs with Goldstone mode or
technipion is physically very attractive serious constraints result from electro-weak precision data
when compared with a naive extrapolation from QCD to technicolor theories. However these
extrapolations ignore the appearance of new IR dynamics as one increases the technicolor flavor
content. Ultimately the Banks-Zaks 2 IR fixed point occurs prior to loosing asymptotic freedom.
This region is called the conformal window. Only lattice calculations can rigorously predict the
consequences for near conformal (or walking) technicolor theories. A nice lattice calculation by
Appelquist, Fleming and Neil3 using Lüscher’s Schrödinger functional method strongly suggests
that for SU(3) Yang Mills theory with Nf degenerate fundamental techniquarks the conformal
window appears some where between Nf = 8 and Nf = 12 as illustrated in Fig. 1 below.

Many other lattice simulations are underway to determine the conformal window for a variety
of gauge and fermionic representation for Yang-Mills theory. For example the Lattice Strong
Dynamics (LSD) collaboration a is generating a set of Domain Wall lattices for Nf = 2, 4, 6
degenerate light flavor to be followed shortly by 243 × 48 lattices and in the next year by
323 × 64 lattices. Higher numbers of flavors will also be explored both below and into the
conformal window. The goal is to see the gradual approach to the conformal window and
to determine its impact on spectral properties and operators relevant to its use for building
technicolor models. The S-parameter which places a stringent constraints on extensions to the
standard model mechanism for electroweak symmetry breaking is a classic test of the viability
of the technicolor scenario for electro-weak symmetry breaking. The basic observable that must
be computed in the strong sector on the lattice is the low momentum part of the left-right
current-current correlation function,

Πµν
LR(q) = igµνΠLR(q2) + (qµqν terms) ≡

∫
d4xe−iqx 〈Jµ

L(x)Jν
R(0)〉 . (2)

The first priority is to establish a firm baseline calculation of S in QCD before its computation
on the technicolor lattices. A side benefit of calculating S in QCD first is that the same lattices
and propagators can also address the leading non-perturbative contribution of the standard
model to the muon g-2. We also note that determining the Euclidean q2 dependence of the
vector-vector (VV) and axial-axial (AA) current-current correlators provides useful constraints
on the 5th dimensional warped geometry required in AdS/CFT model of LHC physics.

asee webpage: http://www.yale.edu/LSD/.
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Figure 1: Comparison of running coupling for Nf = 8 and Nf = 12 on the right.Purple points are derived by
step-scaling with purely statistical error bars. Two-loop and three-loop perturbation theory curves are shown for

comparison.

Figure 2: The shaded ellipses are the phenomenologically allowed regions for S and T at 68% CL, and show a
strong correlation (87%) between S and T .The shaded vertical bands are phenomenological estimates of values
of S in technicolor with NTC = 3 and NTF = 2 at 68% CL The color of the shaded region indicates the reference

value for the Higgs mass.

Lattice SUSY: The minimal super symmetric model (MSSM) is built on a N = 1 SUSY
QCD sector. Fortunately as realized by Kaplan and Schmaltz4, N = 1 SUSY QCD with Domain
Wall fermions requires no fine tuning. Thus it is reasonable to begin to explore this theory with a
long range (and difficult) goal of extending these studies to supersymmetry breaking mechanisms
in the context of more realistic MSSM phenomenology. Early simulations by Fleming, Kogut and
Vranas exploited this and gains some qualitative insight. Recently six months of computation on
two BlueGene/L racks at Rensselaer’s CCNI supercomputing center has allowed a statistically
significant calculation of the gluino condensate and string tension over a wide range of lattice
parameters, setting the stage for continuum, chiral extrapolations 5.

A much larger range of SUSY theories are beginning to be considered on the basis of elegant
lattice constructions 6,7, one using an orbifolding of a supersymmetric matrix model and an
another based on a discretization of a twisted formulation of the supersymmetric theory. These
lead to surprising lattice geometries such as that illustrated in Fig. 3, where the fermionic
partners are scattered on the lattice in manner reminiscent of staggered fermions but with
no unphysical degrees of freedom 6. Algorithmic methods for exploring supersymmetric field
theories are in their infancy, but initial attempts show promise.

Theoretical Developments On a more theoretical level, it is also important to realize that
the lattice regulator for quantum field theory provides a rigorous construction of a field theory
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Figure 3: On the left is the lattice for supersymmetric Yang Mills in d = 2 with Q = 16 supercharges. On the
right is lattice for supersymmetric Yang Mills in d = 3 with Q = 8 supercharges. The zi are bosons, while the

other fields are one-component fermions

as illustrated above for SUSY theories. Another example is the demonstration of triviality for
the pure Higgs sector using lattice simulations. Perhaps the most critical unsolved problem is
the existence of non-perturbative chiral field theory. Ironically because we know that neutrinos
are left handed, a chiral formulation is essential even for the standard model. The apparent
difficulty of formulating such theories on the lattice may be a hint at deep physics issues. Are
mirror particles to the neutrinos required, perhaps at some large mass? Is the breaking of parity
inherent in chiral theories of a spontaneous origin? A non-perturbative formulation is crucial to
even framing these questions. Proposals by Lüscher 8 and Poppitz 9 and others are beginning to
give a clear strategy for settling these questions but substantial computational efforts is required
as well.

In conclusion in this short report I have given a very rough sketch of efforts to extending
lattice QCD methodology to potential strong dynamics beyond the standard model. Unfortunate
the few illustrations were biased toward those for which the author has direct involvement. There
is a rapidly growing community of lattice theorist exploring BMS theories with methods that
most certainly will out perform ones describe here. Obviously the direction of this research will
depend strongly on experimental results for the LHC as they forthcoming in the next decade.
Nonetheless there is a significant opportunity at present to rigorously check the heuristics for
non-perturbative physics used in model building. In time the application of lattice field theory
to BSM should become a partner in developing a theoretical understanding of TeV physics and
the interpretation of experimental signatures. In the daunting experimental environment of TeV
physics, this partnership may well be critical to definitive discoveries in the next decade.
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