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How to pull out the heavy Higgs particle to 507 GeV 
from the allowed oval region without violating EW 
precision data?

Nearly conformal gauge theories might work

Probably requires unusual nonperturbative properties 
which can only be studied on the lattice with extreme 
computing resources 

            Can it be transformational?
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Best strategy: try hard with existing resources to show the capabilities and make a 
case for the scaled up resources
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Strong Electroweak Gauge Sector: Model building with SU(3) color
The theory with three technicolors contains an even number of electroweak doublets, not
subject to a Witten anomaly

The doublet of technifermions:

T{C1,C2}
L =

!
U{C1,C2}

D{C1,C2}

"

L
, T{C1,C2}

R =
#
U{C1,C2}

R , D{C1,C2}
R

$
.

Ci = 1,2,3 technicolor index,TL(R) is a doublet (singlet) with respect to weak interactions

Since the two-index symmetric representation ofSU(3) is complex the flavor symmetry is
SU(2)L ! SU(2)R. Only three Goldstones emerge and are absorbed in the longitudinal
components of the weak vector bosons.

Gauge anomalies are absent with the choiceY = 0 for the hypercharge of the left-handed
technifermions:

T(Q)
L =

!
U(+1/ 2)

D(" 1/ 2)

"

L
.

Consistency requires for the right-handed technifermions (isospin singlets):

T(Q)
R =

#
U(+1/ 2)

R , D" 1/ 2
R

$

Y = +1/ 2, " 1/ 2 .

All states will be bound into hadrons without need for an associated fourth family of
leptons.

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Je! erson Laboratory, April 4 - 5, 2008, 18/22

2-index symmetric 
color rep with two 
techniflavors: minimal 
realization of Higgs 
mechanism with or 
without Higgs particle

Chiral symmetry  
breaking is critical

Nonperturbative lattice 
work required

1. Check chiral phase 

2. Look for walking or 
fixed point gauge 
coupling

We will also study 
fundamental rep with 
Nf=4,8,12,16 to 
calibrate the methods



Strong Electroweak Gauge Sector: ! -function
Two-loop! function for a generic non-Abelian gauge theory with fermionic matter in a given
representation R of SU(N):

! (g) = ! ! 0
g3

(4" )2 ! ! 1
g5

(4" )4 ,

2N! 0 = 11
3 C2(G) ! 4

3T(R),

(2N)2! 1 = 34
3 C2

2(G) ! 20
3 C2(G)T(R) ! 4C2(R)T(R).

C2(R) stands for the quadratic Casimir operator of the representation R,

2NXa
RXa

R = C2(R) ,

whereXa
R are the generators in the representation R.

C2(G) is the quadratic Casimir operator of the adjoint representation.
T(R) is the trace normalization factor for the representation R.T(R) is connected to the
quadratic Casimir operator,C2(R), by

Nf C2(R)d(R) = T(R)d(G),

whered(R) denotes the dimension of the representation, R, and, accordingly,d(G) the
dimension of the adjoint representation G that is the number of generators.
Nf stands for the number of flavours.

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Je! erson Laboratory, April 4 - 5, 2008, 13/22

Strong Electroweak Gauge Sector: chiral symmetry breaking

The critical value! c of the coupling constant for which chiral symmetry breaking occurs is
defined as the value for which the anomalous dimension of the quark mass operator becomes
unity, " = 1.In ladder approximation the critical value of the coupling is given by

! c =
2#N

3C2(R)
.

Compared to that, the two-loop fixed point value of the coupling constant reads

! !

4#
= "

$0

$1
.

For a fixed number of colours the critical number of flavours for which the order of! ! and! c
changes is defined by imposing! ! = ! c, and is given by

N(b)
f [R] =

d(G)C2(G)
d(R)C2(R)

17C2(G) + 66C2(R)
10C2(G) + 30C2(R)

.

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Je! erson Laboratory, April 4 - 5, 2008, 15/22

Standard Model: Charged currents in SU(2)L ! U(1)Y sector

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Je! erson Laboratory, April 4 - 5, 2008, 15/19

Banks-Zaks fixed point:

critical coupling of scale which
breaks chiral symmetry

like QCD How to reach
walking lattice scale?

would be Banks-Zaks FP

Fundamental rep with Nf=4,8
is expected to be similar

Nf=12 under study

Nf=16 in conformal window

Is 2-index symmetric rep 
nearly conformal?

DeGrand et al. find it 
conformal?



Probing technicolor theories with staggered fermions Kieran Holland

Figure 1: The conformal window forSU(N) gauge theories withNf 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 veryattractive
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 theW± andZ 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 inFig. 1. ForSU(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].

2. Dirac eigenvalues and chiral symmetry

The connection between the eigenvalues! of the Dirac operator and chiral symmetry breaking

2

conformal window:fundamental representation

conformal window: 2-index 
symmetric rep (sextet)

BZ FP

BZ FP

We only study Nc=3 colors 

projects running: Nf=4,8,12,16 
dynamical staggered
dynamical overlap

projects running: 
quenched overlap
Nf=2 dynamical overlap

Predictions come from 
unreliable SD ladder 
approximation

resources: 120 nodes of Kaon 
from USQCD 

shared new GPU cluster in 
Wuppertal



Strong Electroweak Gauge Sector: epsilon regime and RMT

Define the spectral density of the Dirac operator! (" ) =
〈∑

n #(" ! " n)
〉

, where average is over
gauge fields weighted by full QCD action.

Spectral density important for spontaneous chiral symmetry breaking (Banks and Casher):

! " |#$̄$$| =
%!(0)

V
.

We should have written! = lim&%0 limm%0 limV%& %!(&)/ V, where it is important that the
limits are taken in the order indicated.
Small eigenvalues are spaced as

" " =
1

! (0)
=

%
V!

,

provided that! (0)/ V > 0. This naturally defines a scalez = " V! for the study of the distribution
of individual eigenvalues. For this purpose, it is convenient to define the so-called microscopic
spectral density

! s(z) = lim
V%&

1
V!

!
( z

V!

)
.

This function describes the extreme infrared properties of the Dirac spectrum, completely
determined by the global symmetries of the Dirac operator.
! s(z) can be computed both from the low-energy e#ective theory and from chiral RMT. Scaling
of ! s(z) is determined by anomalous dimension of fermion field in conformal window.

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Je#erson Laboratory, April 4 - 5, 2008, 19/22

mq->0 limit required

p-regime expensive

delta and epsilon 
regimes economic

Basic chiral couplings
          and 
can be determined

       sets the scale 
of vev=250 GeV 

S and T parameters 
require p-regime? 

Eigenvalue 
distributions provide 
stringent tests 

They probe topology 
and the fermion 
number

F!

F! !



• simulate theory of interest

• measure eigenvalue distributions

• compare with RMT - condensate non-zero?

• if theory conformal, different behavior

! (" ) ! " 3+ ! no scale generated

anomalous dimension
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Figure 2: The integrated distribution of the two lowest eigenvalue quartets, from simulations ofns = 2
Asqtad staggered flavors. This is compared to RMT withNf = 2 and 8, corresponding to the strong and
weak coupling limits.

is succinctly given in the Banks-Casher relation [9],

! = !" "̄" #= lim
#$ 0

lim
m$ 0

lim
V$ $

%&(# )
V

. (2.1)

To generate a non-zero density&(0), the smallest eigenvalues must become densely packed as
the volume increases, with an eigenvalue spacing' # % 1/ &(0) = %/ (! V). This allows a crude
estimate of the quark condensate! . One can do much better by exploring the( -regime: If chiral
symmetry is spontaneously broken, tune the volume and quark mass such that

1
F%

& L &
1

m%
, (2.2)

so that the pion is much lighter than the physical value, and finite-volume effects are dominant [10].
The chiral Lagrangian,

L =
F2

%
4

Tr() µU) µU†) +
!
2

Tr[M(U + U†)], U = exp
!

i%aTa

F%

"
(2.3)

is dominated by the zero-momentum mode from the mass term and all kinetic terms aresuppressed.
In this limit, the distributions of the lowest eigenvalues are identical to those of random matrix the-
ory (RMT), a theory of large matrices obeying certain symmetries [11]. To connect with RMT, the
eigenvalues and quark mass are rescaled asz = #! V andµ = m! V, and the eigenvalue distribu-
tions also depend on the topological charge* and the number of quark flavorsNf . RMT is a very
useful tool to calculate analytically all of the eigenvalue distributions. The eigenvalue distributions
in various topological sectors are measured via lattice simulations, and via comparison with RMT,
the value of the condensate! can be extracted. This method has been successfully used in a number
of lattice QCD studies, for example in dynamical overlap fermion simulations [12].

3
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Figure 3: The integrated distribution of the two lowest eigenvalue quartets, from simulations ofns = 3
Asqtad staggered flavors. This is compared to RMT withNf = 3 and 12, corresponding to the strong and
weak coupling limits.

3. Simulations and analysis

For SU(3) gauge theory with quarks in the fundamental representation, various methods sug-
gest that the critical number of flavors separating conformal and QCD-like behavior is between
8 and 12. In order to study this interesting region, we simulatens = 2 and 3 staggered fermion
flavors, corresponding toNf = 8 and 12 flavors in the continuum limit. (We do not take roots of
the determinant of the staggered Dirac operator). We have also simulatedSU(3) gauge theory with
Nf = 2 flavors in the 2-index symmetric representation, using dynamical overlap fermions, which
is described in [13]. We use the Asqtad staggered action [14], which includes improvements to
reduce the violations of flavor symmetry (“taste breaking”) at finite lattice spacing. This action is
very well tested and has been heavily used in large scale simulations of lattice QCD [15]. There
have been detailed comparisons of staggered eigenvalues with the Asqtad action to RMT [16], but
only in the quenched approximation.

Becausens = 2 and 3 staggered flavors have not been simulated with this action before, a
large scan of the parameter space of the bare couplings was required. Hence our first runs were on
small volumes 104, where we also gained experience on the dependence of the Hybrid Monte Carlo
algorithm [17] on the quark mass and the discretization of the trajectory length. Once we generated
large thermalized ensembles, we calculated the lowest eigenvalues of the Dirac operator using
the PRIMME package [18]. In the continuum limit, the staggered eigenvaluesform degenerate
quartets, with restored flavor symmetry. In Figs. 2 and 3, we show the integrated distributions of
the two lowest eigenvalue quartet averages,

! !

0
pk(! ′)d! ′, k = 1,2 (3.1)

4

eigenvalues in chirally broken phase

fundamental Nf=8 representation
   =3.9   V=10^4
dynamical Asqtad staggered

4 eigenvalues averaged

agrees with Yale and Columbia

β

eigenvalues in chirally broken phase

fundamental Nf=12 representation
  =1.9   V=10^4
dynamical Asqtad staggered

4 eigenvalues averaged

Not compatible with Yale group  

β
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Figure 5: The lowest eigenvalues calculated on two ensembles withns = 1 staggered flavor, with stout
smearing used both in the sea and valence quark. The lattice volume is 124.

support to the findings of [5, 7], but theNf = 12 spectrum would be inconsistent with the statement
of [5] that this theory is conformal.

4. Staggered improvement

Since flavor breaking can have a dramatic effect on the eigenvalues, we are investigating var-
ious improvements of the staggered action, to bring the simulations closer to the continuum limit.
In Fig. 4, we compare mixed actions, with gauge configurations generated using the Asqtad action,
while the eigenvalues are those of various improved staggered Dirac operators. This figure is for
ns = 1 staggered flavor at! = 6.8 and volume 104. The appearance of eigenvalue quartets which
are clearly separated is a clear indication of reduced flavorbreaking. Both HYP-smearing [20] and
stout-smearing [21] seem to bring significant improvement relative to the Asqtad operator, while
HISQ fermions [22] do not show as clear an improvement.

We also show in Fig. 5 the effect of using stout-smearing bothin the sea and valence quark. As
we go to weaker coupling towards the continuum limit, the eigenvalue quartet structure emerges
clearly. Comparison of the improved eigenvalues with RMT isongoing.

5. Conclusions

Knowledge of the conformal window is essential to build viable candidates of strongly inter-
acting physics beyond the Standard Model, and lattice simulations will play a crucial role. Our
technique of studying the eigenvalue properties complements other lattice approaches, such as cal-
culating the beta function of the renormalized coupling, looking for finite-temperature transitions,
or extracting the mass spectrum. This will hopefully lead toconsensus about the nature of these

6

mixed action:taste quartets of eigenvalues

fundamental Nf=4 representation
   = 6.8   V=10^4
dynamical Asqtad background configs

Asqtad, HISQ, HYP, Stout valence quarks

aggressive 6 stout steps was chosen in 
new dynamical runs

dynamical stout staggered quartets

fundamental Nf=4 representation
   = 3.6 and 4.0   V=12^4
6 stout steps

good degeneracy reached at   =4.0 
price to pay: small physical scale
running now V=16^4, 20^4, 24^4, 28^4

β

β

β



also running:

fundamental reps with Nf=4,8,12,16 
in   = 3.8-4.2 range 
6 stout steps
V=16^4, 20^4, 24^4, 28^4
quark masses in 0.001-0.1 range

dynamical stout staggered 
fundamental Nf=4 
   = 3.8  V=16^4
6 stout steps

first two integrated 
eigenvalues of averaged 
quartets are shown 

quartet averaging is now 
better founded

β
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Consider Goldstone pion physics in infinite volume chiral perturbation theory first. The tree 
level pion mass M is related to the B parameter of the Lagrangian by 
                                                              .
I am going to ignore renormalization procedures, but M, and           are physical tree 
level quantities.  The one loop chiral corrections are:

where F is the other fundamental parameter in the chiral Lagrangian. This is calculated 
from the pion loop in infinite volume. Now, if the system is in a finite spatial box with 
infinite time direction, there is a shift from the infinite volume one-loop values,

 

where the infinite volume quantities on the right side are one-loop, but in a first 
approximation can be replaced by the tree-level values, M and F. The finite volume 
function is
                                                                         ,

M 2 = 2B · mq

B · mq

M 2
! = M 2

!
1 !

M 2

8! 2N f F 2 ln
! M

M

"

F! = F
[
1 +

N f M 2

16! 2F 2 ln
! F

M

]

M ! (L ) = M !

!
1 +

1
2N f

M 2
!

16! 2F 2
!

· g̃1(" )
"

F! (L ) = F!

[
1 !

N f

2
M 2

!
16! 2F 2

!
· g̃1(" )

]

g̃1(! ) =
!!

n=1

4m(n)
"

(n)!
K 1(

!
n! )



                         and m(n) is the multiplicity and                  . 
Note the relations                 ,                       . Also note that those are the 
definitions which make F=93 MeV in QCD and not root 2 times bigger. The shape of the
volume dependent correction looks like:

Now in two flavor QCD, we want M/F to be close to one and the chiral expansions on 
page one are still convergent. We are at very small F in the 0.03-0.04 range, but M is in 
the 0.15-0.3 range so that the ratio M/F is large and the chiral expansions are not 
convergent. We will need to figure out the remedy.

Dropping back to epsilon regime consistent with chiral Goldstone dynamics  AND the 
threefold hierarchy of the chiral rotator spectrum is a challenge requiring big increase in
computing power

                                                                       

n = n2
1 + n2

2 + n2
3 ! = M ! · L

! = B · F 2 ! !̄! " = N f · BF 2

!

g̃1(! )



A new method of calculating the running coupling constant
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Figure 1: Wilson loop defined on the latticized space-time box.T0, L0 andT, R represent the size of the box
and the Wilson loop in the temporal and spatial directions, respectively.a is the lattice spacing.

L0/ a =

k

R/ L0

Figure 2: Values ofk for several values ofR/ L0 andL0/ a (colored squares whoseL0/ a is indicated by the
numbers with the same color). The value ofk in the continuum limit is also shown as a solid curve.

originate from zero-mode configurations degenerate with the vacuum on the periodic torus. This
contribution is calculated in Ref. [16], and we use the result from that paper. After evaluating the
summation in Eq. (2.6)1, one can find thatk only depends on the value ofR/ L0. The value ofk as
a function ofR/ L0 in the continuum limit is shown in Fig. 2. We also did similar calculations ofk
in the case of discrete space-time, and plotted them for several values ofL0/ a andR/ L0. Note that
the continuum limit actually exists (i.e., k is finite in the limit ofL0/ a ! ! ) and that the conver-
gence to continuum value is faster for larger values ofR/ L0. Once the value ofk is obtained, the

1Detailed calculation of the factork can be found in [17].
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originate from zero-mode configurations degenerate with the vacuum on the periodic torus. This
contribution is calculated in Ref. [16], and we use the result from that paper. After evaluating the
summation in Eq. (2.6)1, one can find thatk only depends on the value ofR/ L0. The value ofk as
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Running gauge coupling from RG on large Wilson loops

two groups: our LHC collaboration and Bilgici et al.

problem with Bilgici et al: 
implementation is not independent of 
Schrodinger functional method
Important that our implementation is

define renormalized coupling from second derivative of Wilson 
loops running with L if R/L is kept fixed: 

k is geometric factor (cutoff dependent on lattice)  defined from 
tree level relation with the bare coupling  

Lattice implementation requires the study of the step function 
together with its cutoff dependence

Useful alternative to Schrodinger functional?

Wilson loops could be replace by Polyakov loop correlators

g0

A new method of calculating the running coupling constant

study as a test to see the effectiveness of our new scheme for the calculation of the running cou-
pling. Discussion on the numerical results are also given inSection 6. Section 7 summarizes our
conclusions.

2. Wilson Loop Scheme

In this section, we give the definition of the new renormalization scheme, the “Wilson loop
scheme”, for the running coupling, and show how to calculateit on the lattice. Let us start with
general features in the renormalization of the coupling constant. Consider an amplitudeA whose
tree-level contribution is proportional tog2

0 (whereg0 is the bare coupling constant):

Atree= kg2
0. (2.1)

Here,k is a certain coefficient which is a function of all the parameters of the theory exceptg0.
Then, we denote the ratio of the fully non-perturbative value of the amplitudeA to its tree-level
value asZ(µ):

ANP(µ) = Z(µ)Atree, (2.2)

whereµ is the scale at which the amplitudeA is defined. By using Eq. (2.1), the right hand side of
the above equation can be rewritten asZ(µ)g2

0 k, and the combinationZ(µ)g2
0 can be identified as

the renormalized coupling at the scaleµ . So the renormalized coupling,g(µ), can be expressed as
follows:

g2(µ) =
ANP(µ)

k
. (2.3)

Thus, any amplitude with a tree-level value proportional tog2
0 can be used to define the renormal-

ized coupling. Here, we use the following quantity:

! R2 ! 2

! R! T
ln"W(R,T;L0,T0)#

!!!!
T= R

, (2.4)

whereW(R,T) is the Wilson loop. The definition of the Wilson loop is graphically shown in Fig. 1.
In this figure,T0, L0, andT, R represent the size of the box and the Wilson loop in the temporal
and spatial directions, respectively, anda is the lattice spacing. From now on, for simplicity, we
consider the case ofT0 = L0. At tree level in the perturbative expansion, this quantityactually is
proportional tog2

0, i.e.,

! R2 ! 2

! R! T
ln"W(R,T;L0)#tree

!!!!
T= R

= kg2
0, (2.5)

wherek, in the case of periodic boundary condition for example, is

k = ! R2 ! 2

! R! T

"

# 4
(2" )4 #

n0,n1,n2,n3($= 0)

$
sin( " n0T
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)
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ei 2" n1R

L0

n2
0 + !n2

&

’

T= R
+ zero mode contribution. (2.6)

Here,(n0,n1,n2,n3) represents integer four-vector to define the momentum. “Zero mode contribu-
tion” in the above equation is coming from the existence of so-called “toron” contributions which
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We first tested the method at weak coupling for large Wilson loops. Rather than simulating Wilson 
loops, we calculated them using the boosted coupling procedure of Lepage and McKenzie which 
reproduces even large Wilson loops accurately

The finite volume dependence was obtained from Heller’s code who calculated the Wilson loops in 
bare perturbation theory
(thanks to Urs and Paul for the help they provided)

testing the cutoff dependence of the 
step function and its extrapolation to 
zero lattice spacing  

(same as for Schrodinger functional)

running renormalized coupling in the 
deep UV region 

agrees well with loop prediction

beeing tested in quenched and 
dynamical simulations
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Need for Exa Scale resources

projects running in the fundamental representation with Nf=4,8,12,16 
flavors and three colors: 
1. dynamical staggered fermions with stout smearing V=L^4, L=16,20,24,28
2. dynamical overlap fermions on small lattices  L=6,8
Two projects consume most of the resources we have

projects running in the 2-index symmetric rep with Nf=2 flavors and 
three colors: 
1. quenched overlap fermions L=12,16 
2. dynamical overlap fermions on small lattices  L=6
sextet rep runs four times slower than fundamental
To match lattice sizes of staggered projects would require 10^3-10^4 
increase in resources



current resources: 120 nodes of Kaon from USQCD gives somewhat 
less than 1 Tflops sustained

on new J/Psi cluster the equivalent sustained rate would be > 1 Tflop
being benchmarked 

shared new GPU cluster in Wuppertal gives the project approximately 
1 Tflops sustained

High precision conformal gauge theory with overlap fermions will 
reqire sustained petaflops 



current resources: 120 nodes of Kaon from USQCD gives somewhat 
less than 1 Tflops sustained

on new J/Psi cluster the equivalent sustained rate would be > 1 Tflop
being benchmarked 

shared new GPU cluster in Wuppertal gives the project approximately 
1 Tflops sustained

High precision conformal gauge theory with overlap fermions will 
reqire sustained petaflops 

Best strategy: try hard with existing resources to learn and show the capabilities 

After enough experience is gained, identify most interesting physics the lattice can 
deliver

Make a case for the scaled up resources


