Three Years of Lattice Strong Dynam
Have we accomplished anything yet?
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¥ CDF: 6.8 fi#, DO: 7.4 fb

¥ By end of FY11, more than 10
fol per experiment.

¥ In less than 1.5 years, SM Hig
boson could be excluded at
05% CL.

¥ Most MSSM models under similar pressure.

Waiting for (no?) Higgs boson...
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¥ In strongly Interacting scenarios, no light narrow scalar
resonances expected because none seen in QCD.

¥ Overall, not Pnding a light SM Higgs boson strengthens the

case for new strong interactions at TeV energies.




The Many Scales of the Standard Model

¥ The SM has many scalgsark and lepton massgbadronic
massedHiggs VEV..

¥ How are these scales (ultimately) related to the Planck scal
Can they be generated dynamically?

¥ QCD naturally generates the hadronic scale far beldw

¥ Many DEWSB scenarios rely on QCD-like mechanism to
generate another scale: théggs VeV

¥ Can QCD-like mechanisms generate all the scales of the S

¥ Do SCGTOs exist which can dynamically generate more th:
one scale? Are they common or rare?




How generic Is QCD?

¥ For N¢= 0P1 conbPnement
but no NG bosons.

¥ For N¢ = 2, enhanced
chiral symmetry means n,
special case: Pattern of
symmetry breaking yet to 1es

be determined. 11
CD Large N¢
¥ Pert. theory indicates IRFP o ; : = lw
for Nf l 5'5INC' N (EthanNeiI,YaIe.U.)

¥ Phenomenological success of Ial‘g-,ecalculatic;ns suggest QCLC
like theories forN=2b3andN! 3.

¥ Surprises may lurk in the larger space of little-known theories




After Hiatus, Searching In Earne

@ conbned, <IT >"0 [ asym. freedom lost
@ conformal, < >=0 @ @ lattice simulation Appelquist, Terning, Wijewardhana '97
B @ unknown, < >=? "L analytic N¢ bound Appelquist, Fleming, Neil '07, '09
Il no spontaneous #SB ¢ analytic N estimate Deuzeman, Lombardo, Pallante '09
(Updated 05/03/10) Appelquist, Fleming, Neil '07, '09 é g|asetnfr|a%909, 10
SUI ‘01 (Columbia PhD thesi Deuzeman, Lombardo, Pallante '08 odoretal. Us _
ui ‘01 (Columbia esis) . Jin and Mawhinney '09 (unpublished)
Hasenfratz 09 F_odor etal. 0_9 .
Fodor et al. ' Jin and Mawhinney '09 (unpublished)

Nc=3, fund. II
Nf=0

Appelquist et al. '09 (LSD)

Iwasaki et al. '04
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Ebdoriet al ‘09 Yamada et al. '09, '10 Damgaard et al. '97; Heller '98
Hasenfratz '09
Fodor et al. '09

Appelquist Cohen, Schmaltz '99

Nf—
Iwasaki et al. '04
'\S/llgrﬁ;/? dN;k:Irjg;a EElE! o Hietanen, Rummukainen, Tuominen '09
ulleru ’ ! ] .
Appel T Wi h ‘97
TR ppelquist, Terning, Wijewardhana '9

Catterall, Giedt, Sannino, Schneible '09
Bursa, Del Debbio, Keegan, Pica, Pickup '09

Sinclair and Kogut '09, '10 Catterall, Giedt, Sannino, Schneible '08 T

Shamir, Svetitsky, DeGrand 08, '09 Del Debbio, Patella, Pica '08; Del Debbio et al. '09
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Tools of the Trade

¥ Tools developed for study of Lattice QCD:
¥ Non-perturbative Running Coupling

¥ Non-perturbative Renormalization of Operators
¥ Light Hadron and Glueball Spectrum
¥ Chiral Observables (condensate, Dirac eigenvalues)
¥ Thermodynamic Observables{TE0S)

¥ Are tools optimized for QCD useful for non-QCD studies?
¥ Exception: Monte Carlo methods using Wilsonian RG.




Can the running coupling be our guide?

¥ Typically in Lattice QCD, we must £
satisfyL'l, m# M- # #.# a'to have

a reliable calculation. Surprisingly,
this is possible fok/a ~ 32

¥ g¢#o) ~ g andg(al) can be
perturbative fora'#.! 1/4.

¥ For largeN,g($) Rows tog at IRFP. gL

¥ Walking theories may exist nearby theories with strgngly-éour
IRFP:g.| g.. Walking theories should have two dynamically

generated scales: the inf3ection point and conbnement.

L o

- — &

- L

¥ Caution : Slower running/walking meab ~ 32likely not a big
enough box.
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The Schrsdinger Functional Scheme

¥ Dirichlet boundary conditions in Euclide&X” a0 T =L

time. in
E
¥ Non-trivial Pxed gauge Pelds on bounda N
¥ Classical solution is constant chromo- -
electric background Peld.
T=0

¥ BC lift Dirac zero modes.

¥ SF running coupling inversely proportional to response of sys
to variation of strength of background Peld, controlled%gy

oS_ k|
¥ Comprehensive review by R. Sommer, hep-lat/0611020




¥ &¢€L), debned directly at scaleavoids.'(  extrapolation.

¥ Evolution ofg?(L) vs.L determined in discrete step$(Lo)
F(2Lo)' E relative tolLoby step scaling .

¥ Conformal invariance meang(L)= ¢(2L)in continuum limit.

¥ Step scaling function(?, A(L)a/D$ f(2L}+O(a/L).

¥ The continuum limit (2,u)$lim+ o) (2,ua/L) is discrete analo
of continuum beta function.

¥ %ZEL) will not be conformal at any Pnite lattice spacing due ftt

a/L)terms.
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Non-perturbative SF running coupling

14 -

12

10

g°49

3! loop SF running coupling with N light fermions

m— N =0
— N = 2
< — N =4
g — N =6 q
52(T -1 i m— | = 8
- (TC ) :,' —N;:1O
\ o — N = 12
A |2 — N, = 20
i 7 ¢
2 -
(@)
o ;
Q >
c
— [ <
G°(rg) N VA N R R
4
L/a=32
I T \ \ \
10 15 20 25

I n
Log!L"Lo# (Ethan Neil, Yale U




Schrsdinger Functional for other representatior

PHYSICAL REVIEW D 80, 094504 (2009)

| I | I I I | I 1 1.10 I I I I | I I I I | I
O B,=2.05 -
6 — m B=22 ] -
¢ B=23 1.08 -
A B=3 i
5+ 4 B=35 [
N EL:"S - 1.06 |-
- -
4 — O
u
- = 3 1.04F
g L "= 2
| - 5
T‘“ ——— & 5

1.00 ===

---- 1-loop
---- 2-loop
e Statistical

< ﬂ.——f < i —x ] [T
1= = T A e N ]
> > > \s : 0.98 -
0 I . I I | I ! I | I i RS S SR MR
4 8 12 16 20 24 0.0 1.0
L/a

¥ SU(2) N=2 Adjoint:Hietanenet al, Bursaet al.




Schrsdinger Functional for other representatior

o I

......

.....
......

......

2 —_—

15 20 25 30 35 “T15 20 25 30 3
u=Kig’ (4% u=K/g (6"

¥ Discrete beta function: Bf(L),9)$K/P(sL) - KIG(L) .
¥ SU(3) N=2 SextetDeGrandet al, Phys. Rev. D78, 031502 (200




Running Couplings in Other NP Schemes
¥ Twisted gauge beld on torus (Ot Hooft 1979) lifts zero modes
U(x +dL) =1, U,(x)!, ,! =1,2,1 11 ,=¢€2"31,1,
=1, ()=, T ) =0
¥ Twisted fermions have new OsmellO defN\: (Parisi 1983)

l (x+8L+é&L)="!, 1.1 (X)E!.1,1(x)
=] 1 8(x+8L)=¢€ 3121201 )¢
¥ Twisted Polyakov Loop scheme (de Divittisal.1994)
R =ty i e

i Rz 2R (640! O)ﬁ

«y P3(x,y,L/ 2)P5(0,0,0)




o

TPL Running coupling for SU(3)AY2
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¥ One twisted staggered fermion: three OsmellsO times four Ot:
¥ PRELIMINARYoyamaet al, see alsaarXiv:0910.4196




Running Couplings in Other NP Schemes
¥ Monte Carlo Renormalization Group (MCRG) 2-Lattice Methc
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pm—l— Hyperscaling in SU(2) AR adj

¥ Substantial evidence for all scales collapsing together@ag |
tuned to the critical value.

¥ Del Debbioet al, arXiv:1004.319andarXiv:1004.3206
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Ema—t—  Anomalous Dimension from FSS

¥ Finite Size Scaling (FSS) can be used to extract the anom. di
the relevant mass Iif the scaling region is found.

=1/(1+ "))

0.6

204

I tllle

0.2

My L = f(X) |
¥ In scaling region;

X =(L/a)(am) ,

=0.16 b 0.28

|
* 16x8’ |
o 24x12°
* 32x16°
T
i I
|
15 20

0.50

0.25

0.12

0.06




VNN q/’ . 5 : -
S |
pe T8 Y2 g4
s ,f' ~g :-'_'.,\-_, ’._\‘:. =\ M
e A R

Flavor dependence of NLO ChiPT
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¥ The leading non-analytic terms are enhanced in the conder
andf- but suppressed i{iVI )2,

¥ The, {%0(1) low energy constants.

¥ %%O(a?) contact term: UV-sensitive slope for condensate.




Non-analytic 3avor factors in NNLO ChiPT

Nyl -3/8 N2+ 1/2 - 9/2N+?2

= -1/2 N; 3/16 N¢# + 1/2

SO0 R -N; + Nt 3/2 - 3/2Nt?

¥ J. Bijnens and J. Lu, JHEP11(2009)116 [arXiv:0910.5424]

¥ Small NLO coeff foiv- 2 is not generic and doesnOt persist to
higher orders.

¥ Can NNLO formulae help us extrapolaté:# 2 results?




Chiral Dependence for SU(3) L2
LHC: PreliminaryandarXxiv:0911.2463
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¥ NLO bt to M- 2 seems reasonable but féf §by éye NLO/LO
of O(1) aroundmg~0.015 Similar problem foLLSD at N+=6.

¥ Goodness-of-pt Is not the same as perturbative reliabllity.
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¥ GI\/IOR Ratios
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¥ Perturbative estimates of enhancemem(M,) ! 1.2D13 (lat scheme

¥ NLO extrapolation of ratio reliabled due to cancellations.
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Evolution ofQqop for N=6, m=0.005

6 flavor, beta = 2.10, mf=0.05, Disordered start, topological charg
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¥ Non-normal distribution forQop
expected to enhance bnite
volume effects.

6 flavor, beta = 2.10, mf=0.05, Ordered start, topological charge
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Evolution ofQtp for N+=6, m=0.005

conf =200

20




Effect ofQwp 0N N+=2,6 m=0.005condensates

¥ For N=6, condensate anfl sensitive toQiop.
¥ For N+=2, runs thermalizing on O(1000) traj.
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LSD PreliminarySU(2) Parameter Studies

Wilson line and condensate vs. !, SU2" Vo@3x4 [ | andc vs. !, S 12" Ny
ooo] M N;=2 @ Ne=4 AN=6 los O
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¥ Finite T studieslf!L/2) are low-cost @!) way to map out
parameter space before starting zero T studie84L ) using
physical observables.

¥ Same approach used for SU(3) DWF in 19900s [my thesis]
¥ In progressies(- ) on L312L lattices at- c.
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SU(2) Vacuum Alignment and Lattice Fermion

¥ All continuum gauge theories witk; Dirac fermions in real or
pseudo-real representations have enhang&ef{2N) global
symmetry which mixes [3avor and chirality.

¥ The larger symmetry has more options for spontaneous
breaking leading to the dynamical guestion of vacuum align

¥ A mass term aligns the vacuum along a specibc direction.
SU2)fund mMW MXoreaksSU(2N) '  Sp(2N).

¥ Wilson fermions start withSp(2N) which may further break
spontaneously la Aoki-Sharpe-Singleton.

¥ DW fermions have fulBU(2N) in theLs(  limit. At PniteLs,
Mi+Mres breaksSU(2N) ' Sp(2N).




Why does LSD explore with DWF?

¥ In the early days of Lattice QCD, spontaneous symmetry breaking
the lattice was poorly understood and yet many interesting calculat

were done which agreed wit

¥ A long time later, Aoki and S
fermions actually work (only

N experiment.

narpe-Singleton explained how Wilson
foN >3 andN=2). Staggered fermions

are still a topic of some debate.

¥ For SU(2)fund., staggered starts withU(2)that can only break to
SO(2) probably not useful for studying continuum vacuum alignmel

¥ Working out the structure of various possible Aoki phases and the
number of NGBs seems a daunting task for Wilson fermions.

¥ \Vithout knowing the continuum answer in advance (as in QCD),
OcheaperO actions require very expensive continuum extrapolatiol

¥ The safest choice is the one with the continuum symmetries.
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Have we accomplished anything yet?

¥ YES!!

¥ For SU(3)N=12 fund most running coupling schemes show
least an inf3ection point, if not an IRFP. If it ultimately conbr
then it must walk.

¥ For SU‘Z)Nf:_Z adj consensus is building around IRFP.
Anomalous dimension Is perhaps not as large as hoped for
model building.

¥ For SU(3)N=6 fund condensate enhancement suggests
anomalous dimension Is blgger than predicted by pert. theo
An encouraging trend towar

the conformal window?




Other Work Not Covered

¥ Jin-Mawhinney suggeit/(3), N=12 fundis conbning using ze
temperature studiesarXxiv:0910.3216]

¥ Deuzeman et al. sugge8t(3), N=12 fundis conformal using
Pnite temperature studigsirXiv:0904.4662]

¥ Kogut-Sinclair suggeSt(3), N=2 sextetis conbning using
Pnite temperature studigsrXiv:1002.2988]

¥ DeGrand suggestSU(3), N=2 sextetis conformal and uses F
to estimate+- ~ 0.5[Phys. Rev. D80, 114507 (20Q9)]




