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Outline

- Composite Higgs Mechanism at LHC
  USQCD BSM goals

- Results of last 12 months from USQCD BSM effort
  with plans for next year, including SUSY

- USQCD BSM and GPU computing
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Large Hadron Collider   -   CERN

•   Is there a Standard Model Higgs particle?

•   If not, what generates the masses of the weak      
     bosons and fermions?

•   New strong dynamics?

•   Composite Higgs mechanism?

Primary focus of USQCD 
BSM effort and this report

  primary mission:

- Search for Higgs particle

- Origin of Electroweak symmetry breaking

SUSY projects are also progressing well with new simulations planned for next year
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Friday, April 1, 2011 Last Update: 11:17 AM ET

Physicists at CERN in Geneva find the Higgs particle with unexpected characteristics 
By Jane Ellis
The properties of the newly found Higgs particle shook the foundations of modern particle physics. Although its decay properties are very similar to what was expected, the

mass at 507 GeV is far too heavy and the width far too narrow to accommodate  what is know to be the Standard Model of modern particle physics. Physicists are turning 
now to lattice gauge theorists who are trying to explain with a new composite Higgs mechanism the experiments at the Large Hadron Collider.  Continued on page 11 ...
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  Composite Higgs mechanism  -  Technicolor 2.0

- The paradigm is important again

- Requires non-perturbative lattice studies  

- Major BSM effort of USQCD with LQCD-ext hardware support
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and Beyond?

   missed date by 3 days?

Invariant Mass Distribution of Jet Pairs Produced in Association with a W boson in pp Collisions at 
1.96 TeV
CDF Collaboration (T. Aaltonen (Helsinki Inst. of Phys.) et al.). FERMILAB-PUB-11-164-E. Apr 4, 2011. 8 pp. 
Published in Submitted to: Phys.Rev.Lett. 
e-Print: arXiv:1104.0699 [hep-ex]

Technicolor at the Tevatron.
Estia J. Eichten, Kenneth Lane, Adam Martin. FERMILAB-PUB-11-165-T. Apr 2011. 5 pp. 
e-Print: arXiv:1104.0976 [hep-ph]

We live in new era where BSM news will actually start coming

with Caveat Emptor:
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Primary goal of USQCD BSM effort is to find in Gauge Theory Space some viable 
composite Higgs mechanism which is built on the Technicolor/Extended 
Technicolor paradigm  focus of activities during the last 12 months 

USQCD BSM group also develops non-perturbative methods to investigate SUSY 
models 

Search for successful model(s) will require:

(1) Chiral symmetry breaking in massless fermion limit

(2) Higgs mechanism when EW gauge group is gauged 

(3) model should be close to conformal window (EW precision constraints)

(4) walking gauge coupling to separate Technicolor scale of composite Higgs 
     mechanism from “Extended Technicolor scale”  
     (ETC paradigm: origin of fermion mass generation  target of future studies)
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USQCD BSM has capability computing needs mostly on CPU clusters and on 
leadership class machines (BSM INCITE project just started) 

BSM capacity computing is shifting to GPU technology (marked on application slides)



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

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

Composite Higgs mechanism?  - Technicolor and Extended Technicolor

  Extended Technicolor paradigm:

- requires walking gauge coupling 
  chiral SB on                       scale

- fermion mass generation from   
  scale at  

- can solve problem of flavor changing  
  currents

- composite Higgs mechanism 

- broken Dilaton           unusual   
  composite Higgs particle in BSM ?  
    
- can avoid conflict with EW precision 
  constraints

- candidate models require non-
  perturbative lattice studies

ΛTC ~ TeV

ΛETC ~ 100 −1000ΛTC

walking coupling 
separates two scales

target of USQCD BSM effort

Chiral symmetry breaking 
turns conformal FP into 
walking

running coupling

non-conformal QCD-like
far from conformal window

  original textbook Technicolor paradigm:

- one massless fermion doublet
  chiral SB

- three Goldstone pions 

- become longitudinal   
  components of weak bosons

- composite Higgs mechanism  
  scale of Higgs condensate ~ F=250 GeV  
  

- flavor changing currents and fermion 
  mass generation would be problems

- conflicts with EW precision constraints

ΛTC ~ TeV
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Standard Model: Charged currents in SU(2)L ⊗ U(1)Y sector

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

QCD-like far below 
conformal window

critical surface (massless fermions)irrelevant couplings

g2  gauge coupling

m (fermion mass)

RT continuum physics  (mass gap)UVFP

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

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Jefferson Laboratory, April 4 - 5, 2008, 16/19

un-particles

Why non-perturbative lattice?  -  Phases of BSM gauge theories and the running coupling:
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critical Nf 

critical surface (massless fermions)irrelevant couplings

g2  gauge coupling

m (fermion mass)

RT continuum physics (gapless)
UVFP

IRFP (conformal)

RT mass deformed conformal
continuum physics

inside the conformal window:

critical Nf 

with increasing  Nf walking 
scenario expected to arise:

Chiral symmetry breaking 
turns conformal FP into 
walking

walking coupling has 
several implications 



USQCD BSM project sites using LQCD-ext hardware & software support

(three years ago map was empty)

Review of results from last 12 months and plans for next 12 months  

UCSD

UoP

LLNL
U Colorado

FNAL

Argonne

Syracuse

RPI
Columbia

Yale

 BU

several BSM groups study the composite Higgs mechanism   
TC scale - but stretched to ETC scale by walking coupling

fermion mass generation has to be built on it  - some new theory on ETC 
scale
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Supercurrent conservation in the lattice Wess-Zumino model with Ginsparg-Wilson fermions.
Chen Chen, Joel Giedt, Joseph Paki. Apr 2011. 19 pp. 
e-Print: arXiv:1104.1126 [hep-lat]

Lattice Wess-Zumino model simulation with GPUs.
Joel Giedt, Chen Chen, Eric Dzienkowski (Rensselaer Poly.). 2010. 7 pp. 
Published in PoS LATTICE2010 (2010) 052 

Lattice Wess-Zumino model with Ginsparg-Wilson fermions: One-loop results and GPU benchmarks.
Chen Chen, Eric Dzienkowski, Joel Giedt (Rensselaer Poly.). May 2010. 32 pp. 
Published in Phys.Rev. D82 (2010) 085001 
e-Print: arXiv:1005.3276 [hep-lat]

Infrared fixed point in SU(2) gauge theory with adjoint fermions.
Thomas DeGrand (Colorado U.), Yigal Shamir, Benjamin Svetitsky (Tel Aviv U.). Feb 2011. 17 pp. 
e-Print: arXiv:1102.2843 [hep-lat]

Sextet QCD: slow running and the mass anomalous dimension.
Benjamin Svetitsky, Yigal Shamir (Tel Aviv U.), Thomas DeGrand (Colorado U.). Oct 2010. 7 pp. 
Published in PoS LATTICE2010 (2010) 072 
Presented at SPIRES Conference C10/06/14.10 (Conference information coming soon) 
e-Print: arXiv:1010.3396 [hep-lat]

Running coupling and mass anomalous dimension of SU(3) gauge theory with two flavors of symmetric-representation fermions.
Thomas DeGrand (Colorado U.), Yigal Shamir, Benjamin Svetitsky (Tel Aviv U.). Jun 2010. 16 pp. 
Published in Phys.Rev. D82 (2010) 054503 
e-Print: arXiv:1006.0707 [hep-lat]

Parity Doubling and the S Parameter Below the Conformal Window.
LSD Collaboration (Thomas Appelquist , Ron Babich, Richard C. Brower, Michael Cheng, Michael A. Clark, Saul D. Cohen, George T. Fleming, 

Joe Kiskis, Meifeng Lin, Ethan T. Neil, James C. Osborn, Claudio Rebbi, David Schaich, Pavlos Vranas)  Submitted to: Phys.Rev.Lett. e-
Print: arXiv:1009.5967 [hep-ph]

Conformal or Walking? Monte Carlo renormalization group studies of SU(3) gauge models with 
fundamental fermions.
Anna Hasenfratz (Colorado U.). Apr 2010. 26 pp. 
Published in Phys.Rev. D82 (2010) 014506 
e-Print: arXiv:1004.1004 [hep-lat]

Twelve massless flavors and three colors below the conformal window.
Zoltan Fodor, Kieran Holland, Julius Kuti, Daniel Nogradi, Chris Schroeder. Apr 2011. 9 pp. 
e-Print: arXiv:1104.3124 [hep-lat]

Chiral symmetry breaking in fundamental and sextet fermion representations of SU(3) color.
Zoltan Fodor, Kieran Holland, Julius Kuti, Daniel Nogradi, Chris Schroeder. Mar 2011. 14 pp. 
e-Print: arXiv:1103.5998 [hep-lat]

Nearly conformal gauge theories on the lattice.
Zoltan Fodor (Wuppertal U. & Eotvos U.), Kieran Holland (U. Pacific, Stockton), Julius Kuti (UC, San Diego), Daniel Nogradi (Eotvos U.), Chris 
Schroeder (Wuppertal U.). 2010. 13 pp. 
Published in Int.J.Mod.Phys. A25 (2010) 5162-5174 

Center symmetry restoration with 2 flavor large N Yang-Mills in the adjoint representation.
Richard Galvez, Simon Catterall (Syracuse U.). 2010. 5 pp. 
Published in PoS LATTICE2010 (2010) 050 

MCRG Minimal Walking Technicolor.
Simon Catterall (Syracuse U.), Luigi Del Debbio (Edinburgh U.), Joel Giedt (Rensselaer Poly.), Liam Keegan (Edinburgh U.). Oct 2010. 7 pp. 
Published in PoS LATTICE2010 (2010) 057 
Talk given at SPIRES Conference C10/06/14.10 (Conference information coming soon) 
e-Print: arXiv:1010.5909 [hep-ph]

Realization of Center Symmetry in Two Adjoint Flavor Large-N Yang-Mills.
Simon Catterall, Richard Galvez (Syracuse U.), Mithat Unsal (SLAC & Stanford U., Phys. Dept.). SLAC-PUB-14161. Jun 2010. 15 pp. 
Published in JHEP 1008 (2010) 010 
e-Print: arXiv:1006.2469 [hep-lat]

15 new USQCD BSM publications 
in last twelve month

over 500 citations since 2008
several papers in ~ 50-100 citation range

USQCD BSM is competing well 
world-wide in this field  

Evidence for a First Order, Finite Temperature Phase Transition in 8 Flavor QCD.
Xiao-Yong Jin, Robert D. Mawhinney (Columbia U.). Nov 2010. 7 pp. 
Published in PoS LATTICE2010 (2010) 055 
Talk given at SPIRES Conference C10/06/14.10 (Conference information coming soon) 
e-Print: arXiv:1011.1511 [hep-lat] 9
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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].

2. Dirac eigenvalues and chiral symmetry

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

2. Dirac eigenvalues and chiral symmetry

The connection between the eigenvalues ! of the Dirac operator and chiral symmetry breaking
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S-Parameter Results The S parameter (Eq. 1) is sim-
ply the correlator slope multiplied by the number of elec-
troweak doublets, with the SM subtraction. We estimate
the SM subtraction by evaluating the ∆SSM integral in
Eq. 1 with an infrared cutoff at s = 4M 2

P
, and taking

mH = MV 0. For the case 2MP < MV 0,

∆SSM(MP ) =
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We use values for MP and MV 0 determined in Ref. [1].
The choice mH = MV 0 corresponds roughly to a 1 TeV
value for the reference Higgs mass.

In Fig. 3, we plot S ≡ 4π(Nf/2)Π�
V−A

(0) − ∆SSM .
For Nf = 2, the results are consistent with previous lattice
simulations [12, 13]. The SM subtraction at Nf = 2 is
small, reaching a value ∼ 0.04 for the lowest solid mass
point, corresponding to mf = 0.010. A smooth extrapo-
lation to m = 0 is expected since the LO chiral logs even-
tually appearing in Π�

V−A
(0) are canceled by the SM sub-

traction, Eq. 3. Given the linearity and small slope of the
solid data points, we include a linear fit and extrapolation.
An NLO term of the form M 2

P
logM 2

P
has not been ruled

out, but it is not visible in our data. The fit, with error band,
is shown in Fig. 3, giving Sm=0 = 0.35(6), consistent with
the value obtained using scaled-up QCD data [10].

The Nf = 6 results for S are also shown in Fig. 3. The
SM subtraction is again very small as at Nf = 2. The
important feature is that the value of S at the lower mass
points drops below a value obtained by simply multiplying
the Nf = 2 result by a factor of 3. (For an Nf = 6 theory
with only a single electroweak doublet, the value of S at
the lower mf values of Fig. 3 would be well below that
of the Nf = 2 theory.) This trend has set in at Nf = 6
even though 6 � N c

f
. As m is decreased further at Nf =

6, S as computed here will eventually turn up since the
SM subtraction leaves a chiral-log contribution. For Nf/2
electroweak doublets, S ∼ (1/12π)[N 2

f
/4 − 1] logM 2

P
.

In a realistic context, the PNGBs receive mass from SM
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FIG. 4: Axial and vector masses, MA and MV , and their ratio.
Straight lines show linear fits to the solid points (MPL > 4), with
the extrapolated values and errors shown to the left.

and other interactions not included here, and these masses
provide the infrared cutoff in the logs.

Vector and Axial Masses A question of general inter-
est for an SU(N) gauge theory is the form of the reso-
nance spectrum as Nf is increased toward N c

f
. A trend to-

ward parity doubling, for example, would provide a strik-
ing contrast with a QCD-like theory. If the gauge theory
plays a role in electroweak symmetry breaking, then this
trend could be associated with a diminished S parameter.

We have so far computed the masses, MV and MA, and
decay constants, FV and FA, of the lowest-lying vector and
axial resonances. We plot the masses along with their ratio
in Fig. 4. Since the data points for each case except MA

at Nf = 6 are quite linear, with a small slope, and since
in each case, the NLO term in chiral perturbation theory
is linear in M2

P
∝ m, we include a linear fit to the solid

points (MPL > 4). The error bars on the extrapolations
are also shown. MV extrapolates to 0.215(3) for Nf = 2,
and to 0.209(3) for Nf = 6.

For Nf = 2, the extrapolated value of MA/MV =
1.476(40) is roughly consistent with the experimental re-
sult of 1.585(52) [14]. The Nf = 6 data points for MA

do not yet allow a simple fit and extrapolation, but they
do indicate a substantial decrease in MA/MV in the chiral
limit. This trend toward parity doubling suggests that the
spectrum could become even more parity doubled as Nf is
increased further, toward N c

f
.

Vector and Axial Decay Constants Our simulation re-
sults for FV and FA are shown in Fig. 5, using the nor-
malization conventions of Ref. [10]. The dependence on
M 2

P
/M 2

V 0 is mild, and once again, for each case except the
A at Nf = 6, quite linear with a small slope. Although
there is known to be an NLO chiral log for the decay con-
stants, it is not visible in the linear points, so we include
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Parity Doubling and the S Parameter Below the Conformal Window.
LSD Collaboration (Thomas Appelquist , Ron Babich, Richard C. Brower, Michael Cheng, 

Michael A. Clark, Saul D. Cohen, George T. Fleming, Joe Kiskis, Meifeng Lin, Ethan T. Neil, 
James C. Osborn, Claudio Rebbi, David Schaich, Pavlos Vranas)  Submitted to: 

Phys.Rev.Lett. e-Print: arXiv:1009.5967 [hep-ph]
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Evidence for a First Order, Finite Temperature Phase Transition in 8 Flavor QCD Xiao-Yong Jin
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Figure 2: Values for Wilson loops along the temporal direction at finite temperature (Nτ = 8) compared

to the ones at zero temperature (Nτ = 32). The lower part of each figure shows a scatter plot of the real

(horizontal axis) and imaginary parts (vertical axis) of the Wilson loops, while the upper part shows a his-

togram of the real part of the Wilson loops. The histogram is normalized such that the height of each block

represents the percentage of numbers in the bin. The left figure shows 8 flavors with mq = 0.008 at β = 0.56;

the right shows 12 flavors with mq = 0.01 at β = 0.49. Lattice sizes are labeled in the figures.
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Figure 3: The pion decay constant, fπ , for 8 flavors at zero temperature, with a linear extrapolation to the

chiral limit.

the details of the finite temperature phase transition and to interpret it with physical quantities, it is

beneficial for us to use β values where we have zero temperature ensembles. We can then probe

various discrete values of temperature or Nτ by continuously tuning the bare quark mass as an

input. We chose �ψ̄ψ� to be the order parameter and ran simulations starting with both ordered

and disordered gauge fields. A discontinuity due to a first order phase transition should result in

two co-existing, metastable thermalized lattice ensembles with the same set of input parameters

and having different values of �ψ̄ψ�.

2. Finite temperature phase transition with 8 flavors

In Figure 3 we show a linear extrapolation to the chiral limit of fπ for three β values where

we have extensive zero temperature results for 8 flavors. One sees that between β = 0.54 and 0.56,
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Figure 6: A diagram showing the values of �ψ̄ψ� at β = 0.54 with the discontinuity due to the first order
phase transition explicitly shown. The upper panel shows �ψ̄ψ� versus mq and the lower panel shows �ψ̄ψ�
versus temperature (1/Nτ ).

shown in Figure 6. The upper panel shows the value of �ψ̄ψ� at different temperatures while
varying the quark mass. The top line shows a linear extrapolation of �ψ̄ψ� at Nτ = 32 to the
chiral limit. The discontinuity separates the chirally broken phase (upper points) and the chirally
symmetric phase (lower points). The two lower lines, for Nτ = 8 and Nτ = 6, which have slopes
of 8.14 and 5.16 respectively, are linear fits to �ψ̄ψ� in the chirally symmetric phase. They are
forced to go to the origin, which is the expected behavior of �ψ̄ψ� at finite temperature. The fit at
Nτ = 6 has a much larger χ2/dof (about 260) than the fit at Nτ = 8 (about 5). This can be seen as
a sign of weakened first order signal due to the relatively large fermion mass. The lower panel of
Figure 6 is another way of visualizing the phase diagram. The two dashed lines are linear fits to
the metastable signal of �ψ̄ψ� at the edge of chirally broken phase (upper left region), which has a
slope of 1.14, and the edge of chirally symmetric phase (lower right region), which has a slope of
1.36. In between is the inaccessible discontinuity region of �ψ̄ψ�.

Table 1 displays the critical temperature, Tc(mq), in units of fπ(mq). The values of fπ(mq) and
mπ(mq) come from naïve extrapolations of zero temperature results, where m

2
π ∝ mq and fπ ∝ mq.

The quoted errors of mπ/ fπ are only statistical errors. The errors quoted for Tc/ fπ uses error
propagation from the error of the linear extrapolation of fπ and the estimated error of Tc that is
described in the following. First, we can estimate the error in our determination of mq at the
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chiral limit. The discontinuity separates the chirally broken phase (upper points) and the chirally
symmetric phase (lower points). The two lower lines, for Nτ = 8 and Nτ = 6, which have slopes
of 8.14 and 5.16 respectively, are linear fits to �ψ̄ψ� in the chirally symmetric phase. They are
forced to go to the origin, which is the expected behavior of �ψ̄ψ� at finite temperature. The fit at
Nτ = 6 has a much larger χ2/dof (about 260) than the fit at Nτ = 8 (about 5). This can be seen as
a sign of weakened first order signal due to the relatively large fermion mass. The lower panel of
Figure 6 is another way of visualizing the phase diagram. The two dashed lines are linear fits to
the metastable signal of �ψ̄ψ� at the edge of chirally broken phase (upper left region), which has a
slope of 1.14, and the edge of chirally symmetric phase (lower right region), which has a slope of
1.36. In between is the inaccessible discontinuity region of �ψ̄ψ�.

Table 1 displays the critical temperature, Tc(mq), in units of fπ(mq). The values of fπ(mq) and
mπ(mq) come from naïve extrapolations of zero temperature results, where m

2
π ∝ mq and fπ ∝ mq.

The quoted errors of mπ/ fπ are only statistical errors. The errors quoted for Tc/ fπ uses error
propagation from the error of the linear extrapolation of fπ and the estimated error of Tc that is
described in the following. First, we can estimate the error in our determination of mq at the
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Figure 2: Values for Wilson loops along the temporal direction at finite temperature (Nτ = 8) compared

to the ones at zero temperature (Nτ = 32). The lower part of each figure shows a scatter plot of the real

(horizontal axis) and imaginary parts (vertical axis) of the Wilson loops, while the upper part shows a his-

togram of the real part of the Wilson loops. The histogram is normalized such that the height of each block

represents the percentage of numbers in the bin. The left figure shows 8 flavors with mq = 0.008 at β = 0.56;

the right shows 12 flavors with mq = 0.01 at β = 0.49. Lattice sizes are labeled in the figures.
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the details of the finite temperature phase transition and to interpret it with physical quantities, it is

beneficial for us to use β values where we have zero temperature ensembles. We can then probe

various discrete values of temperature or Nτ by continuously tuning the bare quark mass as an

input. We chose �ψ̄ψ� to be the order parameter and ran simulations starting with both ordered

and disordered gauge fields. A discontinuity due to a first order phase transition should result in

two co-existing, metastable thermalized lattice ensembles with the same set of input parameters

and having different values of �ψ̄ψ�.

2. Finite temperature phase transition with 8 flavors

In Figure 3 we show a linear extrapolation to the chiral limit of fπ for three β values where

we have extensive zero temperature results for 8 flavors. One sees that between β = 0.54 and 0.56,
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Fundamental rep  (conformal window?)   Nf=8,12,16 MCRG

on the running of a renormalized coupling or the renor-
malization group flow. The definitions, however, do not
lead to a universal quantity even in terms of the bare
coupling. The location of the IRFP on the m ¼ 0 critical
surface is scheme dependent, different RG transformations
or renormalized coupling definitions can have different
fixed points and consequently different bare step scaling
functions.

Figure 4 illustrates this. It shows the step scaling func-
tion of the Nf ¼ 16 flavor model obtained with 2 different
renormalization group transformations, the original and the
HYP transformations. In this theory the 2-loop ! function
predicts an IRFP at fairly weak coupling, 6=g20 " 12. The
data in Fig. 4 are all at stronger couplings. The HYP RG
transformation predicts a negative differential step scaling
function, corresponding to positive renormalization group
! function in the investigated coupling range. The data are
consistent with an IRFP at some weaker coupling. The
original RG predicts an IRFP at 6=g20 " 7:0. As expected,
the two RG transformations predict different step scaling
functions and IRFPs.

The renormalization group flows are very different in
confining and conformal systems. In the former the RG
flows away from the UVFP with increasing rate, in the
latter it flows into the IRFP with decreasing rate. In the
chiral limit the 16 flavor system has no relevant operator in
the vicinity of the IRFP. Most of the operators around the
IRFP is expected to be strongly irrelevant. Perturbation
theory suggests that the original gauge coupling, the op-
erator that is relevant at the UVFP, has a small scaling
dimension at the IRFP, it is almost marginal. The RG the

flow lines therefore should run to a 1-dimensional line
where only this near-marginal operator is present, and
slowly approach the IRFP along it. Between the UVFP
and IRFP this 1-dimensional line is the RT of the UVFP,
but there is no reason to expect that in the bare parameter
space it does not continue beyond the IRFP, even if no
other UVFP exists in the system. The negative sb step
scaling function represents the flow along this extended
RT.
The anomalous dimension of the mass, related to the

critical exponent in the still relevant mass direction, should
be universal at the IRFP. In Ref. [25] I found the anomalous
mass dimension with the original blocking to be very
small, 0.02(5). This suggests that the IRFP of the 16-flavor
system is at weak coupling. Most likely the anomalous
mass dimension is equally small with the HYP blocking,
though I have not done this calculation.

C. The bare step scaling function of a walking lattice
theory

In a walking model the RG ! function does not have an
IRFP, the system is confining and chirally broken.
Nevertheless the running of the coupling becomes very
slow, the ! function develops a near zero. This situation
is in-between the two scenarios discussed above: in the
weak coupling region, where the running coupling is con-
trolled by the perturbative UVFP, one expects a universal
step scaling function. When the ! function is near zero and
the coupling runs very slowly, regularization effects can
become significant, destroying the universal behavior. A
slowly running coupling of a walking theory can be diffi-
cult to distinguish from a conformal one where the cou-
pling can run slowly towards the IRFP, where it eventually
stops. Lattice simulations encounter huge scale changes in
a narrow coupling range, making it very difficult to dis-
tinguish the two scenarios.

IV. THE MCRG METHOD

The 2-lattice matching method measures the bare dif-
ferential step scaling function by comparing expectation
values measured on blocked configurations. I have dis-
cussed the implementation of the method in detail in
Ref. [25], here I just emphasize the main points and
some new elements.

A. The 2-lattice matching MCRG

MCRG explores the phase and fixed point structure of
lattice systems using a real space RG block transformation
of scale s. The block variables are defined as some kind of
local average of the original lattice variables. By integrat-
ing out the original variables while keeping the block
variables fixed, one removes the ultraviolet fluctuations
below the length scale sa. The lattice size and correlation
length decrease by a factor s at each blocking steps.

FIG. 4 (color online). The bare step scaling function sbð!; s ¼
2Þ for the 16 flavor system. The octagons and crosses correspond
to the original and HYP RG transformations.

CONFORMAL OR WALKING? MONTE CARLO . . . PHYSICAL REVIEW D 82, 014506 (2010)
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QCD-like and conformal phase diagrams of Fig. 1. Here I
will close this gap and also present results for the anoma-
lous mass dimension at several gauge coupling values.

1. The step scaling function

Figure 6 shows the step scaling function as obtained by
the 3 RG transformations. All data in the figure are from
matching 164 ! 84 volumes and the bare quark mass is
m ¼ 0:01 matched to m ¼ 0:02. I have verified that at
these small mass values the expectation values of the
operators used in the matching are, within statistical errors,
independent of the mass (see Ref. [25]), so these simula-
tions can be considered to be in the chiral limit. Matching
with the original transformation is possible only for ! "
6:0, while the HYP blocking breaks down at ! # 5:6,
where the optimal blocking parameter "1 exceeds the
stability criterium "1 $ 0:75. The HYP2 blocking can be
pushed considerably further, up to ! " 4:6. At the stron-
gest gauge couplings the configurations are very coarse, the
plaquette at ! ¼ 4:6 is 1.25 out of 3.0. Lattice artifacts are
substantial and the matching breaks down as different
operators do not predict consistent values. The difference
between the 3 blocking schemes is larger with 8 flavors
than in the pure gauge case in Fig. 2, indicating larger
lattice artifacts. Nevertheless in the range where they are
reliable, all three block transformations indicate sbð!Þ> 0,
suggesting that the investigated gauge coupling range,! 2
ð4:6; 7:2Þ, is connected to the perturbative UVFP. The next
step is to establish confinement at least at the strongest
coupling investigated.

2. The static quark potential

The largest volume I used in the MCRGmatching is 164.
That is not large enough to verify confinement atm ¼ 0:01
and! ¼ 4:8 or 4.6. Instead of generating configurations on
larger volumes, I decided to study the mass dependence of
the static quark potential and the quantities r0 and string
tension # on the 164 volumes. While the physical meaning
of r0 with Nf ¼ 8 flavors is probably very different from 2
or 2þ 1 flavor QCD, it is still a good quantity to character-
ize the transition between the Coulomb and confining
regions.
As discussed in Sec. II, even conformal systems can

show confinement at finite m. What distinguishes the con-
formal and QCD-like systems is what happens as the mass
approaches m ! 0. In the chiral limit a conformal system
should show only a Coulomb potential, while a QCD-like
system is expected to have a nonvanishing string tension as
well. Figure 7 shows r0=a and a

ffiffiffiffi
#

p
at ! ¼ 4:8 as the

function of the quark mass, as obtained from the HYP
smeared static potential on 164 lattices [58,59]. The values
of r0=a on the left panel indicate that finite volume effects
are under control for m " 0:075 where L=r0 > 3:0. a

ffiffiffiffi
#

p
on the right panel shows a linear dependence on the mass
for m " 0:075 and extrapolates to a finite value in the
chiral limit. Data at ! ¼ 4:6 are similar, predict a non-
vanishing string tension at m ¼ 0. The 8-flavor model is
confining at these gauge couplings, the renormalization
group calculation of the step scaling function indeed con-
nects the perturbative weak coupling region to the confin-
ing regime.

3. The anomalous mass dimension

An important quantity in conformal and walking theo-
ries is the anomalous dimension of the mass. In systems
where the gauge coupling is relevant, the 2-lattice match-
ing MCRG requires tuning both the gauge coupling and
quark mass. To simplify the numerical task first I tune the
gauge coupling in the chiral limit, and use these values in
the matching of the mass. This procedure is correct for
small masses. If/when it breaks down for larger masses,
different operators predict different matching values,
clearly signaling the breakdown. The matching is illus-
trated in Fig. 8 for ! ¼ 5:0. In the chiral limit I found that
the matching gauge coupling is !0 ¼ 4:81ð1Þ and the opti-
mal blocking parameter is "1 ¼ 0:50ð1Þ. Figure 8 shows
the plaquette values on 84 lattices at ! ¼ 4:81 after nb ¼ 1
(upper, red curve) and nb ¼ 2 (lower, blue curve) blocking
steps as the function of the mass. This is matched with the
164 simulations at! ¼ 5:0,m ¼ 0:025, 0.05, and 0.10. The
red diamonds and blue bursts show the corresponding
plaquette values after nb ¼ 2 and 3 blocking steps, and
the horizontal lines indicate the matching between the 164

and 84 data. The RG blocking parameter is "1 ¼ 0:50ð1Þ,
the optimal one found in the chiral limit. The 2 blocking
levels predict consistent matching values, showing that the

FIG. 6 (color online). The bare step scaling function sbð!; s ¼
2Þ for the 8 flavor system. The dashed line indicates the 1-loop
perturbative prediction.
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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].

2. Dirac eigenvalues and chiral symmetry

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

2

2-index symmetric 

2-index symmetric rep  (conformal window ?)   Nf=2, Nc=3,4
  results with SU(3) technicolor gauge group

  USQCD BSM results reported from three  
  groups for sextet SU(3) color with Nf=2:

- Lattice Higgs Collaboration (LHC)

- Argonne based (not using USQCD resources)  
Kogut-Sinclair

- U Colorado, Boulder  (DeGrand et al.)

Plans for next year:

LHC

Argonne   

   

               
Boulder (DeGrand)  

• continue sextet SU(3) TC with Nf=2 
    finite temperature phase transition
• bulk spectrum, chiral condensate

• sextet SU(3) TC  with N=2  continued
• running coupling, S-parameter

• SU(4) 2-index symmetric TC 
   Nf=2  SF  new

16



2-index symmetric rep  (conformal window ?)   Nf=2

- Global test favors  chiSB 

- Conformal hypothesis fails 

- Below conformal window  

- DeGrand et al. IRFP coupling

- Finite temperature transition ?

 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0.01

0.008

0.006

0.004

0.002

0

0.002

0.004

0.006

0.008

0.01

 m

 F
 

 fi
tti

ng
 fu

nc
tio

n

fitting function: F + c1m + c2mlog(m)

F  = 0.0204 ! 0.0017

c1 = 0.285 ! 0.86

c2 = 0.916 ! 0.22

2 sum (F )= 1.575   (8 points; 3 params)

2/dof= 1.24  (global fit to M ; F ; cond )

m fit range:  0.003  0.014

sextet chiral log fit: F  residuals 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
4

3

2

1

0

1

2

3

4
x 10 3

 m

〈Ψ̄
Ψ
〉−

f
it

ti
n

g
f

u
n

ct
io

n

 fitting function: c0 + c1 m + c2 m2

c0 =  0.00831 ! 0.00033

c1 =  7.796 ! 0.09

c2 =  49.2 ! 5.5

m fit range:  0.003  0.014

2/dof= 1.24 (global fit to M ; F ; cond)

2 sum ( cond) = 15.36   (8 points; 3 params)

 sextet chiral log fit: cond residuals 
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2/dof= 6.96  (global fit to M ; F ; cond )

c1= 0.493 ! 0.027

= 1.18 ! 0.055

m fit range:  0.003  0.014

sextet conformal fit: F  residuals 
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c1=  0.68 ! 2.6

c2=  4.0857 ! 0.055

=  1.18 ! 0.055

m fit range:  0.003  0.014

2/dof= 6.96 (global fit to M ; F ; cond)

2 sum ( cond) = 94.97   (8 points; 3 params)

 sextet conformal fit: cond residuals 

Lattice Higgs Collaboration (LHC)

consistent with Argonne result

?
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LHC sextet code fermion inverter is 
GPU enabled

Full RHMC GPU code is in final 
development stage 



2-index symmetric rep  (conformal window ?)   Nf=2

Argonne based (Kogut-Sinclair, pioneers in the Eighties!)

- finite temperature transition restoring broken chiral symmetry?
  Argonne plans to extend the simulations to large Nt

- Consistent with LHC tests in the bulk

- Model is interesting candidate below conformal window  

- LHC will study running (walking?) coupling from V(R)/F(R)
  
- if walking coupling is established for TC/ETC, the next step 
  is to calculate scale separation, anomalous dimension, and 
  S-parameter

- DeGrand et al. are running  at SU(4) color in 2-index symmetric
  rep with Nf=2 which is expected to be further away from 
  conformal window  provides SF technology cross-checks

18

New results with colour-sextet quarks.
D.K. Sinclair (Argonne), J.B. Kogut (Dept. of Energy, Wash., D.C. & Maryland U.). ANL-HEP-CP-10-42. Aug 2010. 7 pp. 
Published in PoS LATTICE2010 (2010) 071 
e-Print: arXiv:1008.2468 [hep-lat] Sinclair is USQCD member but project is not using USQCD 

resources!  

finite temperature transition

finite temperature transition

http://inspirebeta.net/record/865421
http://inspirebeta.net/record/865421
http://inspirebeta.net/author/Sinclair%2C%20D.K.?recid=865421&ln=en
http://inspirebeta.net/author/Sinclair%2C%20D.K.?recid=865421&ln=en
http://www.slac.stanford.edu/spires/find/inst/wwwinspire?icncp=Argonne
http://www.slac.stanford.edu/spires/find/inst/wwwinspire?icncp=Argonne
http://inspirebeta.net/author/Kogut%2C%20J.B.?recid=865421&ln=en
http://inspirebeta.net/author/Kogut%2C%20J.B.?recid=865421&ln=en
http://www.slac.stanford.edu/spires/find/inst/wwwinspire?icncp=Dept.%20of%20Energy,%20Wash.,%20D.C.
http://www.slac.stanford.edu/spires/find/inst/wwwinspire?icncp=Dept.%20of%20Energy,%20Wash.,%20D.C.
http://www.slac.stanford.edu/spires/find/inst/wwwinspire?icncp=Maryland%20U.
http://www.slac.stanford.edu/spires/find/inst/wwwinspire?icncp=Maryland%20U.


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].

2. Dirac eigenvalues and chiral symmetry

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

2

  results with SU(2) technicolor gauge group

  USQCD BSM results reported from two  
  groups for Nf=2:

- Syracuse/RPI  Catterall, Giedt

- U Colorado, Boulder  (DeGrand et al.)

Plans for next year:

Syracuse/RPI:

Boulder: 

- continue work on MCRG searching for IRFP

- shifting to SU(4) 2-index symmetric TC 
   with Nf=2

adjoint representation  (conformal window ?)   Nf=2

adjoint rep
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Syracuse/RPI  Catterall, Giedt, et al.

U Colorado, Boulder  (DeGrand et al.)

SF IRFP conformal
1
g*
2 = 0.20(4)(3)

small anomalous dimension

γ m (g*) = 0.31(6)

adjoint representation  (conformal window ?)   Nf=2

MCRG Minimal Walking Technicolor Liam Keegan

Figure 5: Matching mass pairs. Linear fit gives γ = 0.49(13). Also shown is the linear fit given by assuming
γ = 1, such a large anomalous dimension is clearly excluded by our data.

masses are as close as possible to zero, in order to look for a fixed point by directly measuring the
running of the coupling.
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small anomalous dimension

γ m (g) = 0.49(13)

two groups consistent

both groups finds so far that model is 
inside the conformal window
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New plans for next year:  focus on N=4 Supersymmetric Yang-Mills

developing GPU code for the new simulations
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USQCD BSM GPU computing
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Abstract

The speed, bandwidth and cost characteristics of today’s PC graphics cards make them an attractive target as general purpose computational
platforms. High performance can be achieved also for lattice simulations but the actual implementation can be cumbersome. This paper outlines
the architecture and programming model of modern graphics cards for the lattice practitioner with the goal of exploiting these chips for Monte
Carlo simulations. Sample code is also given.
 2007 Elsevier B.V. All rights reserved.

1. Introduction

The goal of every lattice field theorist is to use a calculational platform that maximizes the performance/price ratio. In this paper
a competitive but so far unused and unappreciated (at least in the lattice community) architecture will be introduced.

So far the only available option was the usage of CPU-based platforms may it be individual PCs, PC clusters, dedicated super-
computers such as QCDOC or APE or commercial supercomputers such as BlueGene/L. The actual calculational task in all of these
solutions is done by CPU’s which significantly vary in terms of features but are similar in the sense that they all share a very general
purpose architecture. In recent years a rapidly developing specialized architecture emerged from the graphics industry, Graphical
Processing Units or GPU’s which took over some of the calculational tasks of the CPU. These chips are designed to fulfill the
needs of a graphics oriented audience (gamers, designers, etc.) and hence were specialized to the kind of task this set of users most
frequently need i.e. graphical processing. However the complexity of this task grew to a level that general programmability of the
chips was also required. The end product of this evolution is a high performance chip optimized for SIMD floating point operations
on large vectors that can be utilized for general purpose calculations such as lattice field theory.

Figs. 1 and 2 show sustained performances for both Wilson and staggered matrix multiplication on various lattice sizes and a
comparison is given with SSE optimized CPU codes on an Intel P4. Considering the fact that the price of the current top GPU
models are around $500 it becomes clear that they are very cost effective. For reference we give some numbers from Fig. 1 for the
NVIDIA 8800 GTX card: 33 Gflops sustained performance on a 163 × 60 lattice using the Wilson kernel. Another good reason for
investigating graphics hardware is the fact that the performance growth rate is still a steep exponential for GPU’s [1].

The relatively low price tag of GPU’s is of course the result of the large market value of their target audience (gamers, designers,
etc.) which was also the reason why ordinary PCs proved to be very cost effective in the past [2,3].

The question of scalability is of course an important one for any high performance calculational platform and for GPU’s this
aspect has not yet been explored in detail for lattice applications. The various possibilities for using multiple GPU’s in a parallel

* Corresponding author at: Department of Physics, University of Wuppertal, Germany.
E-mail address: fodor@bodri.elte.hu (Z. Fodor).

0010-4655/$ – see front matter  2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cpc.2007.06.005

The pioneers of GPU computing in lattice QCD (2005-2006):

with Fodor and Nogradi in the 
LHC collaboration, LHC has been 
using GPU technology early, 
building on Wuppertal expertise
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Pioneered at Boston University since 2007
Transformed into USCQD SciDAC project
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QUDA Parallelization

1D decomposition
(in ‘time’ direction)

Assign sub-lattice 
to GPU

face
exchange

face
exchange

face
exchange

face
exchange

wrap
around

Friday, January 28, 2011

LHC BSM  and

NVIDIA Tesla C2050 (Fermi) GPU
Silicon Mechanics Part Number: 19417
Manufacturer Part Number: 900-21030-2200-000

• NVIDIA® Tesla™ third-generation 40nm GPU
• 448 CUDA cores
• 3 GB GDDR5 Memory (2.625 GB w/ ECC)
• Dual Precision 515 GFlops
• Single Precision 1003 GFlops
• PCIe 2.0 x16 full-length, dual slot

Comparison
• Edge scales best for 

inversions
• But JLab nodes has more 

internal PCI Bandwidth
• Difference due to 

interconnect speed(?)
– caveat funny 4 GPU 

PCI behavior
• Teslas ‘catch up’ to 480s

– Teslas DDR IB
– GTX480-s SDR IB ?

• 8x GTX480 => 2 Tflops 
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independent efforts reach comparable performance 
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Friday, May 6, 2011

QUDA  strong GPU scaling : Babich, Clark, Joo, Shi, Brower, Gottlieb

important example for matching 
algorithm/software to hardware 
architecture

BSM LHC also has strong scaling
built into their software full RHMC



  LHC collaboration has been using GPU technology for BSM physics:

  (1) full RHMC CUDA code in fundamental representation for SU(3) color

  (2) Wilson and staggered fermion codes

  (3) sextet SU(3) color full RHMC code is being tested

  QUDA based broader USQCD BSM applications are on their way

  Cost gain is up to factor 5-10, or higher !
  application dependent
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USQCD BSM summary and outlook
USQCD BSM effort demonstrated important capabilities in the Theory Space of 
gauge theories which could lead to a viable composite Higgs mechanism based 
on the Technicolor paradigm:

             (1) can classify the gauge models based on their chiral properties

             (2) can calculate phenomenologically important BSM parameters 
                  popular example is the S-parameter

             (3) can identify the IRFP inside the conformal window

             (4) can find the Electroweak phase transition at finite temperature which
                  may have cosmological significance
 
          (5) capability is being developed to find model(s) with walking gauge
                  coupling to enable scale separation of TC and ETC in more realistic 
                  model building  

             (6) it remains the most important challenge to develop definitive 
                  methods resolving  IRFP (conformal) scenarios from walking 
                 gauge coupling scenarios

             (7) USQCD BSM GPU technology is cost effective
28


