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motivation
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* Beyond SM: replace Higgs sector with new gauge theory - technicolor

* non-abelian gauge theories can be conformal, non-conformal or trivial

* our recent work: test conformal/non-conformal behavior via spectroscopy

* quark potential can be measured on same ensembles - economic

* potential connected to running coupling - QQ scheme

* 12-flavor fundamental rep: ongoing inconsistencies among studies

* 2-flavor sextet rep: maybe more realistic BSM candidate

(Walking) technicolor

(Sannino)

Fundamental: gray
2 antisym: blue
2 sym: red
adjoint: green



simulation details
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4dim HYP-smeared time links

3dim APE-smeared space links

* tree-level Symanzik-improved gauge action, stout-smeared staggered fermion

* relatively long runs: 1-2 thousand trajectories

* quark potential measurements:

* lightest pion mass

48
3
× 96, 40

3
× 80, 32

3
× 64

improve quark potential signal:

* HYP smear time-like links: reduce quark pair self-energy

* APE smear space-like links: build correlation matrix
for Generalized Eigenvalue method

this talk: one diagonal of correlation matrix

use Double Jackknife to estimate Covariance Matrix
for chi-squared fitting of effective “mass”

1/(mπa) ≈ 6− 7



phase diagram
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Twelve fundamental and two sextet fermion flavors J. Kuti and C. Schroeder

The extended data base now spans the m = 0.002−0.035 range. The new lowest fermion mass

runs at m = 0.002,0.004,0.006,0.008 can be used in the conformal FSS analysis which over the

full set would correspond to a variation of the pion correlation length in the 2.5 to 20 range in the

infinite volume limit. Results from the two lowest masses at m = 0.002,0.004 are not included in

the current analysis and will be reported later. For further control on finite volume dependence,

large 48
3 ×96 runs were continued to two thousand trajectories at m = 0.01 and m = 0.015. Four

runs were further added at 40
3 ×80 with m = 0.01,0.15,0.02,0.025. The new and refreshed data

set was subjected to conformal FSS analysis and χSB tests of the �ψψ� chiral condensate.

2.1 The phase diagram in the β −m plane

The phase structure of the model remains controversial, particularly the critically important

weak coupling phase. In addition to our spectroscopy and conformal FSS runs, we ran extensive

scans at various fixed volumes and fixed fermion masses to explore the bulk phase structure. The

bare coupling β was varied over a large range starting from very small β values deep in the strong

coupling regime to the weak coupling phase at β = 2.2 where the conformal and χSB analyses

were done. Fermion masses m = 0.007,0.01,0.02 were used in the scans with spatial lattice sizes

L = 8,12,16,20,24,32 running a large densely spaced set in the important and much discussed

intermediate region in transit from strong coupling to weak coupling. These scans were also ex-

tended to Nf = 2,4,6,8,10,12,14,16 flavors. We will briefly summarize next what is known about

the bulk lattice phase structure.
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Chris Schroeder Three Colors and Twelve Flavors at Finite Temperature
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Figure 1: On the left, scans of the phase diagram by monitoring the chiral condensate are plotted as a function of β at

two different fermion masses. The schematic bulk phase diagram is sketched on the right.

Two representative scans of the bulk behavior of the chiral condensate �ψψ� are shown in Fig-

ure 1 as we vary β from strong to weak coupling. Three distinct regions emerge at fixed volume and

fixed fermion mass showing strong coupling behavior for β < 1.4 with a large chiral condensate,

an intermediate phase for 1.4 < β < 1.8 with sudden drop in �ψψ�, and a weak coupling phase

for β > 1.8 with further drop in �ψψ�. A similar structure of three regimes was also seen in scans

at Nf = 8. Our physics simulations were done well inside the weak coupling phase at β = 2.2 as

indicated in Figure 1. A similar structure has been observed independently by Deuzemen et al. [28]

and Cheng et al. [31]. The newfound order parameter of broken shift symmetry in the intermediate

phase is the most interesting development in the study of the esoteric intermediate phase [31]. It

only exists in a finite interval of the lattice gauge coupling for small enough fermion masses, as

3

simulate at 1 bare coupling far away from bulk phase transitions, unusual phases

Nf=12 fundamental



12-flavor fundamental
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little volume dependence seen for 2 lightest pion masses   m=0.01,0.015

for larger masses, sufficient to extract potential from volumes 40
3
× 80

Nf=12 fundamental Nf=12 fundamental

mπa ∼ 0.16 mπa ∼ 0.21
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significant mass dependence in potential

m=0.01,0.015,0.02,0.025

these 4 runs close to infinite volume 

fit V(r) separately for each, then study
chiral limit of fit parameters

Nf=12 fundamental

mπa ∼ 0.16− 0.30



fit potential
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Two V(r) parametrizations 1. small and large r

2. larger r only

data at larger r do not show much curvature - linear fit better?

Nf=12 fundamental
magnify

48
3
× 96

χ2/N = 3.8/13

χ2/N = 32.8/19

m = 0.01
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two parametrizations

similar behavior at heavier mass - little curvature in data at larger r
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χ2/N = 16.2/15
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fit string tension
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1/2
= σ

1/2
0

+ a1mnon-conformal conformal

exponent values inconsistent with spectroscopy

Nf=12 fundamental
include 1/r

Nf=12 fundamental
omit 1/r

* fit V(r) with 1/r : neither form describes m=0.025 data 

* fit V(r) without 1/r : both forms can fit all 4 mass data  
γ ∼ 0.3− 0.4

γ = 0.89(11) γ = 1.16(11)

linear fits: clear non-zero chiral limit



running coupling
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3-loop QQ scheme, fundamental rep
IR fixed point

direct measurement from V(r):
αqq(r = 4.457...) = 0.393(11)

V (r)− V (r0) = CF

∫ r

r0

αqq(r′)

r′2
dr

′F (r) =
dV

dr
= CF

αqq(r)

r2

Nf=12 fundamental

Nf=12 fundamental

simulation here

pert thy prediction:

V(r) data increase fast with r - no sign of IRFP



2-flavor sextet
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only 1 very large volume run 48
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× 96 remainder of runs 32

3
× 64

do not have clear evidence that L=32 sufficient for heavier masses

Nf=2 sextet

mπa ∼ 0.14
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like fundamental: fit V(r) with & without 1/r term - 2 parametrizations

again, V(r) data at larger r show little curvature



fit string tension
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1/ym = 0.051(39) 1/ym = 0.005(59)

Nf=2 sextet
include 1/r

both parametrizations: string tension has little mass dependence

conformal fit:

include 1/r: omit 1/r:

linear fits almost constant, looks like clear non-zero chiral limit

unacceptable
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* 12-flavor fundamental

   - 2 methods to parametrize V(r)

   - for both, conformal fit exponent inconsistent with spectroscopy

   - for both, linear extrapolation to chiral limit gives non-zero string tension

   - potential runs faster that pert theory, do not see IR fixed point

   - consistent with spectroscopy: theory looks more like non-conformal

* 2-flavor sextet

  - again, 2 methods to parametrize V(r)

  - for both, little mass dependence in string tension

  - conformal fits give unacceptable exponent values

  - string tension non-zero chiral limit; looks non-conformal; spectrum agrees

  - are volumes large enough?



hotel down under?
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dryer upside down
on ceiling

washing machine


