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lattice role for BSM

x strong dynamics for EWSB: fix naturalness, triviality

x near-conformal (“walking”): fix FECNG/mass generation tension”

®x New vista: reps beyond SU(3) fundamental, less tension with expt
® nteresting models likely non-perturbative: lattice

x can lattice show if any given gauge theory conformal or not”

x Wwould be sad if we (lattice) were not exploring possibility of new
strong gauge theories in Nature

Kieran Holland Nordita June 13 2012



conformal window

Ny Dietrich,Sannino, Tuominen each TG fermion rep has window in
7 flavor-color space where theory conformal

7

fUndéam‘éntajl

"4

perturbative: find IR fixed point of beta-fn

amend: strong IRFP could
break chiral symmetry

adjoint . .
near-conformal just below window

lattice task: where exactly are the windows"?

Kieran Holland Nordita June 13 2012



lattice

discretize space-time: regulator, lattice spacing a

fundamental Lagrangian e.g. QCD: quarks, gluons

fermions on sites, gauge fields on links U

-

lose symmetry: transiation, rotation, chirality
recovered in continuum limit (zero spacing)

gauge-invariance exact

observable (B) = / DU{Det(D{UN} ™ exp(—5,[U]) B{U]  non-perturbative

. . NO expansion
Monte Carlo simulation / DU - )

typical U
Kieran Holland Nordita June 13 2012



Imitations of simulations

1. generation of U configurations: numerical algorithm
slow due to non-local fermion determinant

2. discrete lattice action - artifacts, difference from continuum
improve lattice action: reduce artifacts (good) reduce speed (bad)

3. always simulate at finite volume, typically at finite mass

control: continuum limit at fixed large physical volume,
then take chiral limit - always saturate available computers

4. larger Nf or unusual representation - even harder than QCD!

Kieran Holland Nordita June 13 2012



COSI

Szozeze=e=

x USQCD: central US allocation of hep-lat computational resources
x BSM efforts: tens of millions of computer core-hours per year

® 1 core-year approx. 6,000 core hours

x similar resources as large-scale QCD efforts (MILC/HPQCD)

x since 2007, many lattice groups worldwide work on BSM

x |attice community not trying to do BSM on the cheap!

Kieran Holland Nordita June 13 2012



lattice observaples

® particle spectrum

® chiral condensate, Dirac operator eigenvalues

x running of renormalized gauge coupling (various schemes)
x detection of finite-temperature phase transitions

® S parameter

x RG flow In bare coupling space

Kieran Holland Nordita June 13 2012



which theories

my talk:

(@) 2-flavor SU(3) 2-index symmetric rep (sextet/NMWT)
(o) 12-flavor SU(3) fundamental rep

why?

(a) sextet attractive for BSM: 3 Goldstones match W&Z, few d.o.f.
(b) much work on fundamental rep for various number flavors

next talk: Francis Bursa on SU(2) reps

Kieran Holland Nordita June 13 2012



particle spectrum

expectations:
M2 = aym + agm’
f chirally broken  Fr = £+ b polynomials chiP 1 motivated
Myc = Mo+ cim out not sensitive to logs
(U = dg + dim + dom’” + large Nt issues in chiP T
P universal critical exponent
Tcontormal gy o L, No mMass gap in chiral limit

notation uym =147 anomalous dimension

Kieran Holland Nordita June 13 2012



2-flavor SU(3S) sextet Fodor et al. arXivi1205.1878

simulation gdetails:

staggered fermion discretization - fast, remnant chiral symmetry
but flavor symmetry broken

partial fix - iImproved fermion and gauge lattice action

pbare parameter choice: set fermion mass and lattice spacing

largest lattice size 487 x 96  lightest fermion mass 1/(m.a) =~ 7

several lattice volumes, fermion masses, 2 lattice spacings

each simulation: 1-2 thousand gauge configurations - expensive

Kieran Holland Nordita June 13 2012



results: spectrum

sextet model Goldstone pion in PCAC channel with quadratic chiral fit sextet model F_in PCAC channel with linear chiral fit

2 FW=FO+c1m f=3.2

Mi =C.m +Cc.m
F 0= 0.02805 = 0.00052

1 2

c.= 6.43 + 0.095
1 C,= 3.08 +0.12

C,= -48.2 + 15

2
v/dof= 1.6 »Z/dof= 0.87

inputs from: 24°x 48, 32°x 64, 48°x 96
24x48 not fitted

m fit range: 0.003 - 0.006 O 32x64 not fitted
O  32x64 fitted

O  inf volume point fitted

inputs from: 24°x 48, 32°x 64, 48°x 96

24x48 not fitted
m fit range: 0.003 — 0.008 O 32x64 fitted

O inf volume point fitted

chiP I-like fit good description of data
chiral limit of pion decay constant non-zero aFy = 0.0281(5)

sets physical scale of theory

Kieran Holland Nordita June 13 2012



results: spectrum

sextet model Rho meson in cRho4 channel with linear chiral fit sextet model M|_|iggS in scPion channel with linear chiral fit

Mrho = MO +C, m p=3.2

M0= 0.1892 + 0.0061

MHiggs = MO + c1 m

M0= 0.1699 + 0.0077

c,= 247 £0.92 C.= 224145

2
v*Idof= 0.56 v?/dof= 0.48

. o3 3 3
fitted volumes: 24°x 48, 303 64, 483« 96 plotted volumes: 247x 48, 32°x 64, 48" x 96

' 24x48 not fitted
m fit range: 0.003 - 0.008 O e ][;t?(tadltte

48x96 not fitted

24x48 fitted

m fit range: 0.003 - 0.01 O 32x64 fitted
48x96 fitted

again, chiPI-like fits to data are good
NoN-zero mass gaps in chiral limit

Nordita June 13 2012
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results: chiral condensate

<\TJ\IJ> Nf =2 sextet (£ = 3.2 (UW) subtracted N; =2 sextet 3 = 3.2

/
(W) = cg+,¢1 - m+ c3-m?
/

(OW) = co+cy-m + cg-m3

3 K .
Co= 0.013 = 0.002 48°x 96 a?d 32°x 64 fitted

c,= 6.52+0.53 I ’ | Co= 0.013 = 0.002

. : C,= 6:52+0.53
_ + P 7 /
C,= 5.97e+03 = 4.64e+03 . : c,=, 5965 + 4.6e+03

2 3 3 U@ /
Xz/d0f= 3.82 - 48°x 96 and 32°x 64 : X/Q'/dof= 3.80
. / " ¥?/dof=2.99
/ )

m range: 0.003 - 0.008
Co= 0.01141 = 0.00032

C,= 2.2e+04 + 1e+03
(1— mqﬁnq%onn) (W) = ¢o+ c3-m?

m range: 0.003 - 0.008

chiral condensate also fit reasonably, with non-zero chiral limit
2nd Independent measurement of subtracted condensate
two methods have consistent values in chiral limit - very good

Kieran Holland Nordita June 13 2012



volume-dependence

M (L) sextet rep with finite volume fit (m=0.003)

T

F (L) sextet rep with finite volume fit (m=0.003)

T

F(L)=F +c_g,(M L)

TT

M (L) = Mn+CM 91(Mn L)

TT

2 2 =2
cF(1—Ioop)_ Mn/16:rc FIE

a2 2 =2
CM(1—Ioop)_Mn/64n ch

Fn= 0.03727 = 0.00018

M = 0.1350 + 0.0012

TT

C= —0.0237 + 0.0034

C\/= 0.0699 = 0.014 Mn =0.135

2
v*/dof= 0.86 y*/dof= 0.44

fitted volumes: 24%x 48, 323x 64, 483x 96 fitted volumes: 24°x 48, 32°x 64, 48°x 96

volume-dependence of spectrum significant
M_L > 5 to be within 1% of infinite-volume value

Kieran Holland Nordita June 13 2012



alternative:conformal?

sextet model Fn in PCAC channel with conformal fit

sextet model Goldstone pion in PCAC channel with conformal fit

M =c_ m' %" conformal fit

c = 2.21+0.09
m

y= 1.091 = 0.034

v*/dof= 2.04

inputs from: 24°x 48, 32°x 64, 48°x 96

m fit range: 0.003 - 0.008 st

O  inf volume point fitted

~ = 1.091 + 0.0034

TT m

c = 0.237 +0.024
m

v= 2.13+0.18

x°/dof= 2.04

m fit range: 0.003 — 0.006 24x48 not fitted
O  32x64 not fitted

O  32x64 fitted

vo=2.13 £ 0.18

fit data to power-like conformal behavior

el 1/1+
Myoq = Chaami/ 7

iINndividual 1its reasonable;

Kieran Holland

Mn — fitting function

global conformal sextet fit to MJE and Frc (Mn fit residuals)

fitting function: c_ m'/1*

c=15+0.35
T

y=1.47 + 0.26

/dof= 31.12

Xz sum= 155.6

X2 sum (Mn)= 76.5

m fit range: 0.003 - 0.006

fit states together: bad

e 1.47 + 0.20

anomalous dimension 7 large

Nordita June 13 2012



other 2-tflavor sextet work

Kogut & Sinclair, arXivi1111.2319

16°x8 lattice

%
7 3

¢

m=0.0025 — ¢
m=0.005 — X
m=0.01 — O
m=0.02 — 3«

finite temperature
EW phase transition?

Kieran Holland

3

finite-temperature chiral phase transition

vary physical size of (periodic) time
direction via lattice spacing (lbare coupling)

chiral susceptibility develops peak at
critical temperature

peak more pronounced at lighter mass

consistent with chiSB at zero temperature

want to repeat closer to continuum limit

Nordita June 13 2012



other 2-tflavor sextet work

DeGrand et al.,arXiv:1201.0935,1006.0707

define renormalized coupling ¢°(L) at scale L
particular scheme: Schrodinger Functional

change lattice size e.g. L. to 2L
discrete pbeta function

vary lattice action and operator

IR fixed point existence varies with method

also find small value v < 0.45

Kieran Holland Nordita June 13 2012



12-Tlavor SU(S) fund Fodor et al. arxivi1205.1878.1104.3124

simulation detalls:
staggered fermion discretization - fast, remnant chiral symmetry
but flavor symmetry broken

partial fix - Improved fermion and gauge lattice action

pbare parameter choice: set fermion mass and lattice spacing

largest lattice size 482 x 96 lightest fermion mass 1/(mya) ~ 6

several lattice volumes, fermion masses, 1 lattice spacing

each simulation: 1-2 thousand gauge configurations - expensive

Kieran Holland Nordita June 13 2012



Spectrum

Goldstone pion fit Fn linear fit

2 F =F+c, m
T

’
F= 0.00784 + 0.00050

2 _
Mn_c1m+02m

0.15r ¢ = 2.15 £ 0.21

C,= 67.1 7.3 C,= 1.600 = 0.021

v*Idof= 3.29 v?Idof= 0.52

"~ Zsum=3.10
m fit range: 0.01 - 0.035

X2 sum = 19.8

m fit range: 0.01 - 0.035

chiP I-like fits of data reasonable Fpl steep variation with mass
already expected due to large Nf

to actually reach chiPT regime (small corrections) very hard

Kieran Holland Nordita June 13 2012



spectrum

rest of spectrum appears 1o
have mass gap in chiral limit

again polynomial fits good

ratios

Kieran Holland

nuc=MO+C1 m

M0= 0.1540 = 0.0091
C,= 16.18 + 0.37

»°/dof= 0.186

x> sum =1.11
m fit range: 0.01 — 0.035

Rho meson linear fit

M, =M_+c, m
rho 0 1
M0= 0.0849 = 0.0080

c,= 11.18 = 0.31
v?/dof=2.16

X2 sum =13
m fit range: 0.01 — 0.035

0.03

MHiggs quadratic fit

_ 2
MHiggs_MO+C1 m+c, m
Mo= 0.094 + 0.030

C1= 14 + 3

C,= -41.8+67.8
»?/dof= 0.23

x* sum =1.13
m fit range: 0.01 — 0.035

Rho meson linear fit and A1 meson

MA1 = M0+c1 m
Mo= 0.1196 + 0.0071

c,= 13.68 + 0.46
»2/dof= 0.76

X2 sum = 4.54
m fit range: 0.01 — 0.035

Nordita June 13 2012



chiral condensate

(PW¥P) — cym — com” plotted

(OW) = cg + ¢y -m + co - m2(fitted)

value of condensate in chiral limit O(100)
6= 13977= 0.041 smaller than signal at finite quark mass

1
2

= -7.47 +1.3

dangerous to make this sole criterion to
decide if theory conformal or not

X2/d0f= 0.71
m fit range: 0.01 — 0.0275

Kieran Holland Nordita June 13 2012



alternative: conformal?

conformal FSS (Goldstone pion — PCAC channel)

_ w172 3
LMn(L)—C1 X+C_ (c1 X) exp( C, X) X>X

universal behavior: LM.(L) = f(z), == Lm!'/Y

V=141, Cps Cgy 0 X

10 y=0.393 + 0.008

e L: lattice size, m: fermion mass

x =2.05=0.11
cut

x?/dof=2.83

Cc,= 4.326 = 0.068

pion function f(x) can be different for each state

Cy = 6.69

IMmits: flx) =ecix large x ie. M. = cimt/ym
flx)=cog#0 asz— 0

conformal FSS  (cRho2 channel)

v=0.300 = 0.017

5 each fit individually reasonable

Z/dof= 1.51

6 Cc,= 6.259 + 0.24

c_=0.43 rh O

Cy = 7.77

N 00n:0.393(8)  rho: 0.300(17)

Kieran Holland

Nordita June 13 2012



alternative:

conformal FSS

LM_(L)=c

1 1

_ a
LMn(L)‘Co +C_X

ym=1+y’ C1’ Cexp’ o, Xcut

y=0.393 = 0.008
a=3.47 +0.26

X =2.05=0.11
cut

Cc,= 4.326 + 0.068

c =0.189
o

Co = 6.69

=172
X + Cexp (c,*™) exp(—c1 X) x> X,

(Goldstone pion — PCAC channel)

t
X<X
cut

5 fit parameters

?/dof= 2.83

plon

conformal FSS  (cRho2 channel)

LM (L)=c,

_ a
LMp(L)_c0 +C_X

ym=‘I + C1’ Cexp’ @ Xcu

v=0.300 = 0.017

o =3.64 = 0.31
X =1.62=0.14
cut

c,= 6.259 + 0.24
¢ =0.43
o

C,=7.77
c_=4.326
T

Kieran Holland

X+C _-(c_Xx)
exp ' m

-1/2
exp(—cn x) forx> Xt

forx <x
cut

5 fit parameters

+/dof= 1.51

rho

conformal?

conformal FSS

_ (0}
LFn(L)_Co +C_X

(Fpi — PCAC channel)

y =1+, ¢, a,¢, 4 fit parameters

y=0.214 + 0.016

o =0.852 = 0.027
Co= —-0.196 + 0.03

¢ =1.192+0.056

v?/dof= 14.3

conformal FSS

LM_ (L)=c

nuc 1

LIVlnuc(l')=co

ym=1+y, c1, cexp, o, X

+c x*
o

cut
y=0.288 = 0.027

o =443 +0.38

X = 1.64 £0.12

Cc,= 9.85 + 0.588

c =0.36
o

c0 =13.2

c =4.326
14

x+c _ -(c x)_”2
exp ' m

X<X
Ccu

(cNucleon channel)
exp(—cn X) X>X

t

5 fit parameters

add more states: situation worse

data appears not to allow
universal value of exponent

conformal description of data
appears worse than chisSB form

need accurate data to test this

Nordita June 13 2012



attice activity SU(3) 12-tlavor

. [Fodor et al.

®x  Appelquist et al., Lattice Strong Bynamics

x Pallante, Lombardo, Deuzeman
x [in et al.

®  Yamawaki et al.

x Jin & Mawhinney

x Hasenfratz et al.

Kieran Holland Nordita June 13 2012



running COupIiﬂg Appelauist Fleming. Neil arXiv:0901.3766

)
~.
i
>
Q\
—
N

Log[L/Lo]

renormalized coupling as function of lattice size L~ ¢°(L)

run coupling by varying lattice size e.9. L to 2L

repeat at various lattice spacings, find continuum limit a/L — 0

coupling flows to IR fixed point - conformal Lo

Kieran Holland



static quark potential coclor et o, a0Xv:1104.3124

— fit V(R) = V, + o/R + O*R
— — constant extrap: 5.61(18)

linear extrap: 6.46(96)

SU(3) N_=12 fundamental
48°x96 p=2.2 m=0.01

V. = 0.3119(15)
= -0.485(6)
= 0.00253(8) SU(3) N_=12 fundamental

/dof = 17.1/18 48°x96,40°x80 f=2.2

measure quark potential on same simulations for particle spectrum
potential has confining linear behavior at intermediate separation

Muceon/ Vo APPEArs NoN-zero in chiral limit, as does nucleon mass
consistent with chisSB In spectrum, inconsistent with IRFP

Kieran Holland Nordita June 13 2012



the story so far

x |attice methods and machines can be applied to new Moaels

® very Important to have many signals,aiscretizations,people

x ?-flavor sextet theory looks non-conformal, but remaining ISSUes
x 12-flavor fundamental is difficult - many puzzles

x many more studies done on fundamental rep - learning phase

x given high cost, may wish to focus resources on sextet model

Kieran Holland Nordita June 13 2012



] ~ . . B | Y YT YT YT YT Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y YYYY MY NYNY MY * N . I I | 2 9 T YT YT YT YR YEYY Y

T T T T T T T T O O T T T T O O T T O T O O O O O Y Y Y YOS OY OYSYC YCYCYCYYYRCYYRTTYRY ER Y Y YN e R R ORE R R R Y ey

Y Y Y Y Y Y Y Y YY" YOY J T YYYY 4 4 4 4 4 1, 4, 4. J 4 c. t. 4, 4. 1, 4 4 4 4 4 T YY"y 4 1 T T OO OO OEOE Y OYEOYOYYOYOYIOYS YOy oy oy

(BB RERERRLERRRRRRRRRR2200020 2200022000000 0000000000000 0202l D T Y YN

IR RERERERERREERAR AR REAREEEERREREREERERERERRRERE R R EREREREEREREREEREREERERRERE

T T T T T T T T T T T T T T T T T T YT T T T T T T T T T T T T T T T T T T T T T YT YT YT T Y YT OYTOYT YT YT YT Y OYOYTOCYTCYCYYYYYYYYNYY e

(MR RR R RN RRRRRRRRRRRRRRR R R R R R R R R R R

T T YT YT YT Y Y Y Y Y Y Y Y Y S S S Y Y NN NN NN NN NN NN NN YN Y Y S Y Y Y Y Y Y Y Y Y Y Y Y Y YYYYYYY Y Y Y 2R R R EEEEREERE

R R R R R R R R R R R R R R R R R R R R R R R R A R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R AR R A R R R R A R A R AR R
BARBRRRRRRRRRRRRRRARARARN

AR RRRRRRRARRRRRARRRRR AR AR AR AR R R D . AR R R R R Y
44 4_4444444;4...4.... .......................
s

OO0 0 AARARAAN Al
T ARARRRARAAS
s e ey e e e e e bRV AR R AR AR RARRARARAARRRRARAN \

dJ J J.w.aJ,u.a.q.u.q.q RRRRRRRRRRARRARRRRRRRRRRR
PRRRRRRRRRRRRARRRRRRRRR R AR R AR AR R R R R RN
JJJJJJJJJJJJJJJJJ4444¢.....'..... ............... . .
$THYHSH b ) 2250200000000 00 R R RN . .
jjjj fj JJJ/.J T 1T YT T T T T T T T T T T T T YT YT OYNYNYSYNYYY Y Yy . BEEER
AR WL LLLEL

b 3 ) T T T T T Y YT YN Y YN YNYSYYS Y Y Y Y \ .
J‘jlfu MHMHMJ«/«“MHHNJ.“JHJHJJJJJHJf4444chJ 1999 Y Y Y Y Y Y Y Y Yy Yy y vy
. . B R R R e e e e R R R R R R R RN 'Y YN
JJJJI—J“JJJJJJq‘.ca;.‘o-.-. AT LS R "
IR RRRRRRRRRRRR R AR R R R AR AR AR R R AR R RD
JJJJJJJJJJJJ4,44 AR R R R E A R R R R R R R R R R R R
*YN 2222000000000 0000 R R RN .
/JJJJJJ TN YN Y Y Y Y Y Y Y Y Y Y Y Yy vy y
JJHJHJJ J44JJJJJ«JJJJJ;,«JJJ/,/.4.4.4.,...,...,.,.,......,.v ,,,,, ) '
ﬂﬂﬂﬂﬂJlel.d(- 2 Y NN N YT T T T T T T Y Y Y Y Y Y Y Y 'Y Y ’
JdeJ -4.qJ4u4 IR R R AR R R R RN
b B 44JJJ«411.144.141,./...... ......... . )
j defd JJJJ t 1. 4. 4 T T T YT Y YOYOYEIOYICYIOY Y Y T e
.

JJJJ4444444444¢J444¢,,,.44 ,,,,, .
JJJJJJJJJ,....,,J...‘.... .......

yuuguguguguguuuaHJHJHJHJHJHJn;,,J,w,.,...4...,.,H,”,”..,...,_ ...... ARRRRR)
,JJJJJJJJJJJJngJ.‘J.Jd_/‘./odoa.lollu././..........,..4 .......... R ) AARRARER] .
MJMAqudqng.la,..-..... ................
Y 2222800000000 00000 RN N N
jJJJJJ T YT T YT T T T T Y T T T Y Y Y Y YN YNYYYYYY Yy 'y
JJJJJJJJJJ,;JJJ....... ..... \
REREEREEELELL AL LI ) JLLLLY
JJH JJJJJU&J.JJ.«/.JJ:J:J:I:Iolol-/.to,...-........,a. ........ E T TR RRR RS
JMJJ4J444J4.444..... ..........
jfffJJJJ 4J¢.444444.;4441‘4,,.4.-.....,.,.,.,.,.,.,. 3 & . .
JJJJJJJJJJ.;J.;.........,...,
ﬂﬂw!ﬂJJJ.JJJJJJIJ,-J-4.4.-4-4-4.4.4.4.,...,.,....... . %
JJJJJJJ.“.«44-¢¢.............,.....

T T T T T T T I YT YYYYYTY

Jdd 444444444.:.-.. .................
s R R R R EEEEE I . N
;4;4;-‘4“........ ...... '
Y Y Y Y Y Y Y Y Y Y Y Y YYY YY Y y y
YT Y Y Y Y Y S SSY Y Y Y Y Y YT Y Y Yy Yy Yy vy vy
J.,J,J.J_/........ ............ Y
2T NN YT YTYYYYY Y Y Y Y v
'.'.' 4¢44.¢/.g41.1441;4..z.. R EE
..... JJJJJJ44J1,444414444-4-4.4.¢¢J.¢.¢.,.,.;.,./.,.,.‘...
v ... MJJj.f ¢.44.4. -,1, J,J Y Y Y Y YN YN Y YN
s TYY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Yy v ey y
XN Y YT Y Y Y Y YT Y Y Y Y Y Y Yy vy
A A 1 SRR R RRRRR R R R AR R R RS _
RN 4J~444..¢4..-..... ......
".' JJJ.JJ.J.:.J/.//;/,.‘...../.....
AL L L) 1 AR R AR AR R AR R AR R AR R R R R R R
.‘.. ﬁJJ T T T I TN Y YT Y Y Y Y
aA8ae JJ YNNI Y Y Y Y Yy vy
"8 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Yy ey ey

B
.
e

o'kt bR LR URLRRTRE
JJJ

JJ_d,q.ancaaoa:-......,
AR BRRRRAR AR AR AR R RS
 ARAARRARARRAARARARER
*YH 1T Y Y Y Y Yy
uJJJJJJ/ .,_.4,44.4. RRARRRRRA
I BB EE R

Jdud“ﬂudl—J,JJJJ TYYYNY Y Y Y Y Y Y Y Y
TN N E YT YT YTYEY Y Y Y Y Y

™
™
e

o
b

“dqq

"’.‘ JJJJ.J.«4.¢:.4.....

..ﬂ? } ' RRRARRRRRRRRR R
L) YYYYYHY Y Y

POl

::u'
-

.

AARAARRRRN
.uuu ~4~444u4ﬂqﬂ44,44444_w_w,w.,.,.,.‘
L L),
JJJJJJJJ..«;....

T I YIYIINNYYYYYYSY
J J JJJJJ J 14.44.4444/44.4
JﬂJJﬂf;44,4,

Ty LYY

aae s NN

-
B
-
.
.
.
‘.

seees

PO
G
sselesel
.

b
-
s
.
.
.
-
B
»
.
..
a

,.v‘f:
e
b'l:
»
..-.
. _»
s_N_"
..

-
-
-
L d
.
0..
.
.

S88800n .88

LAAAL AL "0 * -n
anaaes RLLLLX) 000,
ﬂﬂflooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooogooooooooooooooooooocoooooooooooooilhf_df AR L)
LA A R A A A A R A A A A A A A A A A R R A A A R A A R R R A A A A A A R A A L) *e 2XXIXLL)
L N R R R T R N T N NN .0 0000
B R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R P R RN R R R R R RN R R R RN RN RN RN RN R RN RN PR R RN R R RN RN RN R R R RN R RN RN RN R R R R R AR R R RS (AR RRRN
BER R R R R R R R N A N N R R R R R R RN NN RN RN NNl Rl Rttt l Nttt t ittt t il sttt ittt it sttt s insioNN NNl i i N s s EERER]
H DR RN R RN NNttt st ettt sttt sttt s st I I I Il I I Il Il IR IR RN R R R RR Y Y Y TIrLY)
A R R A A a2 2 222210 JJJdg,.
I O O SRR RRN PRRRRARN
) A oooooooo.oooo oooalbo A AR
Lf Senane obnf Jw LAY
OO0 OO0 AN
A A . AL AR ﬂﬂJJJ
A . A 1
AR AR AAAAAN )

5
%
i

.'5.

oy N
4%
o’o'::
ot
%"
M
sessesecey
b::':‘. »
..
B
*
.
.
.
.
%%
b’o:U
.o
vt
....::~
v
o

»
»
L e )
M
L e ]
L e
ovy
»
:.U' .
T
/J" yo v
J.A"'J’ ..4‘/.4
e’

-
-
-
-
.
L
.
-

s
»
B
-
B
-
-
-
-
»*

.5
..
.

»
.

»
L ]
b
i

e
A

-
L ]
L ]
L ]
.
L J
L ]
L )
it

-
™
™
e

s
™

-
-

e

o

..
.

P

.
.
-

.
PO
e
»*s

.y

- -H

-
-
v
-
-

BRIt tnins ittt sttt s tsstsistststststsststsrstsits st st st sttt s s

.
>
»
»
.
-
-
-
>
>

i) N T N T N N NN N N T N T N N N N N N NI I TN TN TN TIYINy |
Y Y Y Y Y Y RRbh s DOOO00 "
/.1:.:.lzia/;JJJAJJJJJJJJJJJ a.. '.. .'.".‘ { d.’
R EEE D NN b
Yy 4.4..44.4 Y9YY ”.UJ.O Ob 00..0.00.0"0.‘ |
...4.;.4;;;;;4;43¢J14JJ X J«JJ/ JJJ YA .....“‘ u
LRARRRRRR AR R0 Yy e aaaeneS

.
s
e
"
*

) |
)
T YT NN YY

.,......4.44.4f

o
W)

VYN S 3 JJJJ

T YYYYNY Y Y Y

........ LLR AR A ;44;d;444~44¢,¢~14¢
LLLLD ....,......../4/././.4od414quJJJJJJJJJJ .

'
S X

)
$
J
1

5
M
P
g
%
St
bt
d".

S0 0e .
AR
RRRY A ) A b
ARRARARARRRR AR AR AR AR AR Py iy
;.,./ B EEREERE 44444444J4J44.44JJJJJJJijJ ..... . /
Y Y YN YN YS a88aen
..... VYT Y Y Y Y Y Y Y YN YYYYS A ]
....... ¢‘4l‘4414.4.q,q4444.4ﬂﬂ maasaa
Y YN S AL AA AL L LR
.....-,.vooconpctca.d,udJJJ .......
Y Y Y Y Y Y Y Y Y YYYYYYS A A A “ _
........ .-;1-44444,4444JJJJ P ..‘.'...‘
T T I I T I YTTIYIIYIIIOYY ... R
......... .........J.JJJJJJJJ .‘.‘.ﬁ
..... IR RRLRRREEREEN ‘..... d
vy 1YY Y Y Y Y Y YYYYYYYYS 288800
v e a9 9NN v v e 9 99NN 555555 s ee
. " ;o.....o‘o¢.‘-¢444444 ..... |
...... YT YT Y Y Y Y YYYYYYYHSS ) A A
............. '.....'4444441_JJ44JJ '.‘
. vy ey e ,,,.,....,4.,.,444uaamfhfuf AR AR R R R R R R A R A A R R A A A i) _
RERERRERRRRERRRRRRRRRR AR R AR R R R R N 000NN ARRRARRRRRRRARAR AR
' 'y AR RREEE RS Y Y Y Y Y Y Y Y Y Y YRR YYYYS PR PR R R R R PR R R PP R R PR PR R PR PR PR R R R PR RN R RN RN RN RN RS J
........ ..,..,,,,,,4444444~44ﬂf - A A A R A A A A AL A A A A A A A A A A A A A A A A A L)
. R R R ETEEREEYYYYY T TN YYEY Y)Y A A A A A R R A R R R A A A A A A A A A A A A A A A A i i) A
. 'y sy 99N S .,.,..........;¢;4444J JJJJJJ LA AAA AR A R A A A A A R A A A A A A A A A A A A A A A A A A A A A A A A A A A 1)) JJ
Y Y Y Yy v vy ey TN YYYYYYYYHYS ) 3
............. T Y Y Y YT Y YT Y Y Y Y Y Y Y Yy :
' N .,,.,,.,.4,,.44444414J/.4,4_44444JJJJ4J4J JJ JJ
..... . N ..,.,...,..,....-JJJJJJJJJJjjjjj ”
. T R R EER .....a,o.g,q.‘JJJJJJJJJJJ ) , : JJ
) e 3 99 YN SSNSNSNNSNSNS .,44.¢4441444444444.444Jﬂ ” 41
YT Y Yy Y YSNNNSNS T T YT LAAL L) |
. -kl 1T T T T T T ITTYTYYOYYY "M JJ JJ J
- SR ERERER R I YNNNYNYYYY Y ) ¢ : i
................ REREREREERERERRR
N T Y Y YYYYY S EEEREREEREEREREEREERERERE :444J4444.4J4 JJ“JJJJ J 4‘
Y Y Y Y Y Y Y Yy Y Y Y Y YYYYYYY Y 4, JA 4. 4. JJJJ;JJfJ JJJJJ JJJJJ)
. (O T T e T ) Y Y Y Y Y Y Y Y YY YNy
ARSI ARRR 1YY Y Y Y Y Y Y Y Y YYYYYS Lﬂdﬂdﬂdﬂdﬂf Jlgbbu
ey Y vy e NN855S T Y T Y T T Y Y Y Y YHRYS 2000000009 L)
vy Y ey ey w..........,..,.qdeJqJJun SRR RRRARN JUQUJJgd
TN T AR IR NN NN YNy Y Y Y Y Y Y Y Y YYYYYYYYS ' ""lﬂu I3
................ AR R R AR R AR AR AR AR AR AR AR LA A AR L) ARAARARN
) ) T YYYYY Y Y ,,,,¢.444441414444444.~JJJJ ﬂ e flﬂf‘,
'Y Y Y Y NN . ESEEEE RERRERRRRRRRRRRRARA JJJJ J e v v R
LR RN ARRARAAAARRY ,...4...,.44‘.4.444..1‘J.4J444J44444J44J4J4¢4 JJJJ - '.”’ . ” jldeJJJJJJJJJJJJJJJ
, YEEEE VY YN RS5%%S ......ia.44aJJJJﬂJJf4 .df.h. ) AHELELLLLY
...... 1T T T YT Y YYYYYNYYSYSYS J,q.u.q_q.qJ J ¢J.J.¢J.q.a.4, '
ET IR N Y Y YT Y YNy A YT Y Y Y Y Y Y Y Y YYYYHYA YY) ) ) TXIYI I NYNYYYY
ARRARALLLLLARRRRR R LY RERARARARERRRARRRARARAR AL M Jf . L RARARARRRRS
,,.,,,.,.,,,a,,44444a444a444444J4,J,4 J,JJJ ﬂjJJJ JJ,JJJJ,
SR EREEEEEREEERD Y Y Y Y Y Y Y YYYIYYYY YN ) ff Y YYHYYYY
LR AR S ULELEEEEEEES |8 ., .4.4.4 .4.444.4&1,JJ.a.J.Ja.JJJJJaJJJJJJJJ Jﬂ ARLLYY JJJJJJJJJJJJJJJJJJJ4J4.a4,44‘;...JJA.
ARARARARARRARRARARARRARAR R R A4S ARRRRhhriananch : JHHLEELLLELLLLLLL LY L LY,
,,,, . | . - L | ] TYTYTYTYYYY Y Y Y . z . " ; .‘ 1T 1T 7T 1T"Y"TMTM
...... Y S YT NN NYNYYYYY Y JJ:IJJJHJJJJ JJ JJ J JJJJ JJUJMJJJJJ—JQJ.JJMIJJJJJJJI T YN NN YT YA
................... BEREREREREEREEEEREE R R R 1Y TYYYYY Y
T Y Y Y YN NS R EEEEEEREEREEEREEE R R R ﬂﬂﬁ JJJA#/J“J JJAJJJJJJJJJJAAAJJJ,JJ,JJJJJJ.4,144.4 TN Y Y
.......... RERRRRRRRRRRRR) f j jj j j JJj JJJJJ YY1 IR RN
...... v i I i I I I I I I G 44JJJJffﬁJJJJJ44J44JJ4444J4JJJJJ;,,,.........
......... . N Y N N )
.................. NN NS S S S S S S S SSSSSSSSSSSSSSSSSSSSSYSERR N N e e e S
....... R R R R R R R R R R e R R e R R R e R R R R R R R R A R R R R R A R A R R R R R R R R R R R R R
- EEEEEEEEEE -t % EE TR R YRR YR YYYY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y YOS OYYYYYYYYYY
...... . T I I I I I T I I T T T T T T YT T T T T T T T T T T T T T T T T T YT YT YT YT T YT T YT Y Y Y YT Y Y Y Y Y Y Yy Yy vy vy
. REEEEEERERERER T T T T T T Y Y Y Y Y Y Y Y Y Y Y Y Y Y YY YN
............ T T I T T T T T T Y Y Y Y Y Y Y Y Y YYYYSIY S T Y Y I Y S Y Y Y Y Y Y Y Y YYYYYYYYYYYYYYYY YY Y Y Yy
......... ' 'y IRARARAR AR SRR AR AR R AR AR AR AR AR AR R AR AR AR AR R AR AR AR AR R AR AR R AR R AR AR RN
........... ' T T T T T YT YT YT T YT YT T T YT YT YT O N N N N T YN O O OY OY Y OYNON YN OYNOYNOYN OYNOYNOYOYN YN ONOYNYNCYNYNCYYNOYCOYSOYSOYSOYCCYCYNCYNYYYNYMY ' | )
................ .,.................,........,........,...........,../.,.././...././.,../.,..,.././...,:....,..,..............f......./.,../.,..............,..... Ll

................. T N TN S N N S S S T O S T O T O T T O T O O T T YT S S T Y YT Y YYYYNYYY MY MY Y



12-flavor chiral congensate

w*Idof= 1.6

C = 0.00068 + 0.00051

C = —-0.046 = 0.070
1con

m fit range: 0.01 — 0.0275

0.01 0.02
m

Kieran Holland

0.03

2 Independent olbservables give consistent

condensate in chiral mit

but nNot as clear as sextet case

Nordita June 13 2012



running coupling Lin et al.,arxiv:1205.6076

' Lattice SSF —~—
Reference u

0 0.005 0.01 0.015 0.02 0.025 0.03 : 1.5

(a/L)? Reference Coupling u

Polyakov loop correlator scheme g7 (L)

again, run coupling by varying lattice size e.g. L to 2L

attice artifacts require continuum limit a/L — 0

inaication of IR fixed point, systematics issues tea

Kieran Holland



static quark potential Fodor et . arXiv:1104.3124

rap: 5.61(18)
: 6.46(96)

SU(3) N.=12 fundamental
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x’/dof = 17.1/18 48°x96,40°x80 fp=2.2
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guark potential runs faster than perturbation theory
inconsistent with existence of IR fixed point

R /
V(R) = V(Ro) = Ci | 20D ar' predict RHS with n-loop pert thy

Kieran Holland Nordita June 13 2012



near-conformal 1C

near-conformal

fom 1001004 | near-zero of beta function
' gauge coupling walks, not runs
separate scales - useful phenomenology




