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Motivation
• With the LHC fully operational, 

we may be on the verge of 
discovering BSM physics (and 
there are already some possible 
hints!)

• New physics could easily be 
strongly coupled, in which case 
lattice will likely have a large 
role to play - generalized toolset 
for exploration of non-
perturbative dynamics.
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FIG. 1: The dijet invariant mass distribution. The sum of electron and muon events is plotted. In the left plots we show the

fits for known processes only (a) and with the addition of a hypothetical Gaussian component (c). On the right plots we show,

by subtraction, only the resonant contribution to Mjj including WW and WZ production (b) and the hypothesized narrow

Gaussian contribution (d). In plot (b) and (d) data points differ because the normalization of the background changes between

the two fits. The band in the subtracted plots represents the sum of all background shape systematic uncertainties described

in the text. The distributions are shown with a 8 GeV/c
2
binning while the actual fit is performed using a 4 GeV/c

2
bin size.

resonance with definite mass. The width of the Gaus-
sian is fixed to the expected dijet mass resolution by
scaling the width of the W peak in the same spectrum:

σresolution = σW

�
Mjj

MW
= 14.3 GeV/c2, where σW and

MW are the resolution and the average dijet invariant
mass for the hadronic W in the WW simulations respec-
tively, and Mjj is the dijet mass where the Gaussian tem-
plate is centered.

In the combined fit, the normalization of the Gaus-
sian is free to vary independently for the electron and

muon samples, while the mean is constrained to be the
same. The result of this alternative fit is shown in Figs. 1
(c) and (d). The inclusion of this additional component
brings the fit into good agreement with the data. The
fit χ2/ndf is 56.7/81 and the Kolmogorov-Smirnov test
returns a probability of 0.05, accounting only for statis-
tical uncertainties. The W+jets normalization returned
by the fit including the additional Gaussian component is
compatible with the preliminary estimation from the �ET

fit. The χ2/ndf in the region 120-160 GeV/c2 is 10.9/20.

(arXiv:1104.0699)
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One example: technicolor

• Technicolor theories replace 
the Higgs scalar field with new 
strong dynamics.  Chiral 
symmetry breaking also breaks 
electroweak symmetry.

• Minimal or one-doublet 
technicolor is QCD, rescaled: 

http://particlezoo.net

ΛQCD ∼ 1 GeV → ΛTC ∼ 1 TeV.
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• Generically, technicolor models 
are in tension with precision 
EW, especially the S-parameter:

(experiment: S=0 or slightly negative)
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relies on QCD pheno!

• Generically, technicolor models 
are in tension with precision 
EW, especially the S-parameter:

(experiment: S=0 or slightly negative)
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Introduction The conformal window

The conformal window, visually
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Large Nc expansion works well for QCD, but for 
large Nf, things change drastically (IR fixed point.)

Lattice can be applied anywhere with AF!
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Going to the Lattice
�O� = 1

Z

�
DUDψDψ O(U,ψ,ψ) exp

�
−S[U,ψ,ψ]

�

�O� = 1

N

�

U∈U
�O�U

Most of the computational cost 
is in ensemble generation, so 
measure many different <O>

Discretize to make the path 
integral finite-dimensional (but 

sharply peaked!)

Importance sampling and Monte 
Carlo techniques give us an 

ensemble of field configurations, 
weighted by exp(-S)
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Lattice Ensembles

• This talk: two sets of 
ensembles with 
Nf=2,6 fermions (all 
with mass m)

• Ensembles are tuned 
to hold IR scale(s) 
fixed in chiral limit

• Goldstone mass kept 
small compared to 
box size

Spectrum and chiral condensate enhancement Setup and methods

Setting the scale

Preliminary: LSD Nf=2 and 6 scale setting

• Lattice scale from MN, M!, r0 all matched at 10% level with more 
masses and increased statistics.

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 16 / 32

Spectrum and chiral condensate enhancement Setup and methods

Simulation details

Domain wall fermions with Iwasaki gauge action - good chiral, flavor
symmetry. Ls = 16 yields mres ∼ 2.6× 10−5 and 8.2× 10−4.
All volumes shown here are 323 × 64. We work at a ∼ 5mρ, so for
our 2-flavor lattices we have a ∼ 0.06 fm = 3.6 GeV−1, L ∼ 1.8 fm.
Everything shown here is PRELIMINARY, including # of gauge
configs pending final thermalization cuts.

Nf = 2 Nf = 6
amf “Mπ”L Ncf g “Mπ”L Ncf g
0.005 3.5 1430 4.7 1350
0.010 4.4 2750 5.4 1250
0.015 5.3 1060 6.6 550
0.020 6.5 720 7.8 400
0.025 7.0 600 8.8 420
0.030 7.8 400 9.8 360

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 15 / 32
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S-parameter

S parameter Basic setup and methods

The S-parameter

The S-parameter is sensitive to
electroweak “oblique corrections”, i.e.

vacuum polarization of EW gauge

bosons, in the limit of zero momentum

transfer:
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S = 16π(Π�33(0)− Π�3Q(0)), where

ΠXY (q
2
) ≡

1

d − 1(q
2gµν − qµqν)

�
ddx e iq·x�JµX(x)J

ν
Y (0)�.

For a technicolor model with Nf /2 EW-charged technidoublets, this
becomes (in terms of vector and axial currents)

S = −4π(Nf /2)
�
Π�V V (0)− Π�AA(0)

�
+ ∆SSM .

∆SSM removes the Higgs boson contribution to S, and cancels an
IR divergence from the massless πT .

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 24 / 32

S is sensitive to electroweak 
“oblique corrections”, i.e. 

vacuum polarization of EW 
gauge bosons.  Can express 

using V/A currents: S = −4π(Π�
V V (0)−Π�

AA(0))

ΠV−A(q
2) =

�
m amq2m�
n bnq

2n

Overview of lattice measurement:
•Measure VV, AA correlators on 
chosen ensembles
•Fit to Pade-(m,n) approximants:
•Extract slope of  (VV-AA) at 
zero q2, convert to S-parameter
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Correlator fits

0.05 0.10 0.15 0.20

�0.0035

�0.0030

�0.0025

�0.0020

�0.0015

�0.0010

�0.0005

0.0000

Q2

�
V
�
A
�Q2 ��

N
f�
6� 0.05 0.10 0.15 0.20

�0.0035

�0.0030

�0.0025

�0.0020

�0.0015

�0.0010

�0.0005

0.0000

Q2

�
V
�
A
�Q2 ��

N
f�
2�

0.05 0.10 0.15 0.20

�0.0035

�0.0030

�0.0025

�0.0020

�0.0015

�0.0010

�0.0005

0.0000

Q2

�
V
�
A
�Q2 ��

N
f�
2�

2

For our Nf = 6 simulations, mf is not yet small enough

to see clear evidence for these chiral logs. For smaller mf ,

the log mf terms would be replaced by logarithmic depen-

dence on the PNGB masses in the full theory.

Simulation Details Simulations are performed using

domain-wall fermions and the Iwasaki improved gauge ac-

tion [11]. The domain-wall formulation suppresses the chi-

ral symmetry breaking associated with fermion discretiza-

tion, and preserves flavor symmetry at finite lattice spac-

ing, both desirable properties for computation of the S-

parameter. Gauge configurations are generated as in Ref.

[1]. Dimensionful quantities are given in lattice units.

The lattice volume is set to 323 × 64, with the length of

the fifth dimension Ls = 16 and the domain-wall height

m0 = 1.8. The choices β = 2.70 for Nf = 2 and β =
2.10 for Nf = 6 lead to nearly the same physical scale in

lattice units. Simulations are performed for fermion masses

mf = 0.005 to 0.03, although the Nf = 2 results for

mf = 0.005 may suffer from finite-volume effects, and

are not included in the analysis. At finite lattice spacing,

even with mf = 0, the chiral symmetry is not exact, with

the violation captured in a residual mass mres � mf . The

total fermion mass m is then m ≡ mf +mres.

Current Correlators The lattice expression for the cur-

rent correlator of interest is

Πµν
V V (Q) = δµνΠV V (Q

2)− (QµQν/Q2)�ΠV V (Q
2)

= Z
�

x

eiQ·(x+µ̂/2)�Vµ(x)V ν(0)� (2)

and similarly for ΠAA. Here Vµ
is the conserved domain-

wall vector current, V ν
is the non-conserved local cur-

rent, and Z is a non-perturbative renormalization constant.

(x + µ̂/2) appears because Vµ(x) is point split on the

link (x, x + µ). The use of conserved currents ensures

that lattice artifacts cancel in the V − A current correlator

ΠV−A(Q2) ≡ ΠV V (Q2)−ΠAA(Q2) [12].

We calculate ΠV−A(Q2) for a range of positive (space-

like) Q2
values, and for each mf extrapolate to Q2 = 0 to

determine the slope 4πΠ�
V−A(0) entering the S parame-

ter. In Fig. 1, we show the simulation data for ΠV−A(Q2),
along with fit curves. The data itself indicates that for

Nf = 2, Π�
V−A(0) increases at smaller mf values, while

for Nf = 6, it decreases, already suggesting a relative de-

crease in S per electroweak doublet at Nf = 6. We fit

the ΠV−A(Q2) data for Q2 < 0.4 using a four-parameter,

Pade(1,2) form (linear numerator, quadratic denominator).

These fits, behaving like 1/Q2
at large positive Q2

, are

shown with statistical error bands in Fig. 1. Each has two

poles at real, negative Q2
, but they represent a time-like

structure with cuts and multiple poles. Each fit leads to

a value of Π�
V−A(0) stable as the number of Q2

points is

varied.

The correlator slopes at Q2 = 0 are plotted in Fig. 2. In

this figure and others to follow, we plot versus M 2
P/M

2
V 0

rather than m, where MP is the Goldstone-boson mass [1],
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FIG. 1: ΠV−A(Q2) data and fits for Nf = 2 and 6. Fits, over the

range Q2 < 0.40, are done separately for each mf .
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FIG. 2: V − A correlator slopes at Q2 = 0 for Nf = 2 (red dia-

monds) and Nf = 6 (blue circles). For each of the solid points,

MPL > 4.

and MV 0 is the extrapolated mass of the lightest vector

state. We plot in this way since the relation between M 2
P

and m is strongly Nf -dependent. The value of MV 0, to

be discussed later, is roughly 0.2 in lattice units for both

Nf = 2 and 6. For each Nf = 6 point and for the five

heaviest Nf = 2 points, MPL > 4, keeping the pion

Compton wavelength well inside the lattice.

As anticipated from inspection of the data in Fig. 1,

Π�
V−A(0) at Nf = 6 drops below Π�

V−A(0) at Nf = 2 for

the smaller M 2
P values, suggesting a suppression of S at

Nf = 6. This interpretation requires care, however, since

the extrapolation M 2
P ∝ m → 0 is dominated by chiral

logs (∼ log(1/m)) for both Nf = 2 and 6.
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As anticipated from inspection of the data in Fig. 1,

Π�
V−A(0) at Nf = 6 drops below Π�

V−A(0) at Nf = 2 for

the smaller M 2
P values, suggesting a suppression of S at

Nf = 6. This interpretation requires care, however, since

the extrapolation M 2
P ∝ m → 0 is dominated by chiral

logs (∼ log(1/m)) for both Nf = 2 and 6.
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Nf = 2

Nf = 6 Expect agreement in the 
quenched limit M2

P → ∞

ΠV−A(q
2) =

�
m amq2m�
n bnq

2n

(m=1, n=2)
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From slope to S
S =

1

3π

� ∞

0

ds

s
{(Nf/2) [RV (s)−RA(s)]

−1

4

�
1−

�
1− m2

h

s

�3

Θ(s−m2
h)

��

Standard model subtraction:

∆SSM =
1

12π

�
11

6
+ log

�
M2

V 0

4M2
P

��
Integrate:

�
M2

V 0

M2
P

< 1/4

�

*

*

• Removes the contribution of standard 
model Higgs doublet to S

• IR divergent - cancels precisely with 
divergence in the spectrum!

(H,φ → πT )

ref. Higgs mass;
we take mh ≡ MV 0

(=1 TeV, roughly)

∼ 4πΠ�
V−A(0)
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From slope to S

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8
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S
�
4Π
�N f�2

��' V�
A
�0���

S S
M

Simple linear fit: S(x) = A+Bx +
1

12π

�
N2

f

4
− 1

�
log(1/x)

known pseudo-NGB contribution

At two flavors, S(m=0) = 0.35(6) - consistent with other results

x ≡
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From slope to S
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•Nf=6 result is much smaller than naive scaling predicts!
(But still much too large compared to experiment.)
•This is a “worst-case” S, assuming a model with all 
techni-doublets EW charged.

“naive scaling” prediction SNf=6/SNf=2 = 3

x ≡
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Conclusion

• Smaller S-parameter than expected for 
Nf=6 theory, compared to Nf=2

• Hints of dynamics unlike QCD, effects in 
the right direction to reduce tension with 
precision experiment in EWSB models

• Simulations underway at Nf=8, 10; initial 
setup for SU(2) gauge group started

15Sunday, May 8, 2011



Backup Slides
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Condensate Enhancement

R(6) = 1.95(12)

R(6)

MS
= 1.60(10)

Lattice scheme:

Renormalized:

Pert. theory est: R(6)

MS,pt
� 1.15

(at 3.85 
GeV!)
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Simulation Details
Spectrum and chiral condensate enhancement Setup and methods

Simulation details

Domain wall fermions with Iwasaki gauge action - good chiral, flavor
symmetry. Ls = 16 yields mres ∼ 2.6× 10−5 and 8.2× 10−4.
All volumes shown here are 323 × 64. We work at a ∼ 5mρ, so for
our 2-flavor lattices we have a ∼ 0.06 fm = 3.6 GeV−1, L ∼ 1.8 fm.
Everything shown here is PRELIMINARY, including # of gauge
configs pending final thermalization cuts.

Nf = 2 Nf = 6
amf “Mπ”L Ncf g “Mπ”L Ncf g
0.005 3.5 1430 4.7 1350
0.010 4.4 2750 5.4 1250
0.015 5.3 1060 6.6 550
0.020 6.5 720 7.8 400
0.025 7.0 600 8.8 420
0.030 7.8 400 9.8 360

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 15 / 32

• We use domain wall fermions to preserve as much chiral, 
flavor symmetry as possible.  Residual χSB is small:

mres =

�
2.6× 10−5, Nf = 2

8.2× 10−4, Nf = 6

•All volumes are 323x64,  lattice spacing tuned to
  At 2-flavors, this gives

a ∼ 5mρ.
a ∼ 0.06 fm = 3.6 GeV−1, L ∼ 1.8 fm.
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Finite-Volume Effects?
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NNLO chiral fits
NNLO - Goldstone mass
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NNLO - chiral condensate
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NNLO - Goldstone decay constant
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Figure 5.11: Data and best-fit curves at NNLO for Fm vs. m at Nf = 2 (red

diamonds) and Nf = 6 (blue triangles.) The lightest data points at mf = 0.005
are shown as open symbols, indicating that they were not included in the fit due to

potential contamination with unknown systematic errors.
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Figure 5.12: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 2. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.

129

Figure 5.13: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 2. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.
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Figure 5.13: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 6. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.

Nf type z F αM αF αC χ2/d.o.f.
2 NLO 28(16) 0.0209(4) 0.31(62) 0.64(47) 83(29) 6.50

6 NLO 25(11) 0.0188(36) 2.5(1.4) 0.1(1.1) 194(24) 50.5

2 NNLO 16(8) 0.0259(39) 20(18) -6.6(5.9) 119(45) 30.0

6 NNLO 17.9(5.5) 0.0217(28) 1.8(7.6) -2.2(4.0) 206(20) 6.08

Nf label αM20 αM21 αF20 αF21 αC20 αC21

2 NNLO 32(77) 81(104) -5(17) -24(29) 0(–) 0(–)

6 NNLO 21(83) 92(167) -7(41) -51(74) 0(–) 0(–)

Table 5.1: Chirally extrapolated quantities and fit parameters, based on the assorted

χPT fits considered. All fits shown are joint fits between the three quantities �ψψ�m,
Fm and M2

m. NNLO analytic coefficients αC20,αC21 are fixed to zero, due to the

dominance of αC .
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Figure 5.14: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 6. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.

131

20Sunday, May 8, 2011



Momentum dependence
S parameter Correlator data, q2 dependence

Fit comparison with OPE, Nf = 2
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Good agreement between best-fit extrapolation and m�ψψ� direct!
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Excellent agreement between direct measurement and OPE
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