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Outline

- Probing the Conformal Window
lattice BSM goals in Theory Space
cut-off, volume, fermion mass
RG flow and lattice continuum physics

- Finite size scaling theory
BSM specific ¥ PT
m=0 chiral limit and finite volume issues
conformal finite size scaling

- Nf=12 fundamental fermion rep
- Nf=2 sextet fermion rep

- Inside the conformal window
running coupling and tunneling
Nf=16 case study



Large Hadron Collider - CERN

primary mission:
- Search for Higgs particle

- Origin of Electroweak symmetry breaking

Is there a Standard Model Higgs particle?

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

New strong dynamics!?

Composite s mechanism!?

Primary focus of lattice BSM
effort and of this talk
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Two logical choices to accommodate heavy Higgs (or no Higgs)
scenario:

- use some effective theory with TeV scale higher dimensional
operators

- new microscopic theory on TeV scale

Composite Higgs mechanism - Technicolor 2.0 ?
- The paradigm is interesting again

- Requires non-perturbative lattice studies

0.2 04" It is difficult, but there will be real results



Nf (flavor)

theory space and conformal window: critically
important for composite Higgs and TC/ETC

space of color, flavor, and fermion representation
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Composite Higgs mechanism? (Technicolor and Extended Technicolor in the past)
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- three Goldstone pions

- become longitudinal
components of weak bosons

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

A, ~TeV

- flavor changing currents and fermion
mass generation would be problems

- conflicts with EW precision constraints
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Chiral symmetry breaking
turns conformal FP into
walking

This is what lattice studies in BSM theory space potentially
could deliver



cut-off control in non-perturbative lattice calculations from RG flow
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Finite size scaling theory



Chiral regimes to identify in theory space below conformal window:
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Goldstone dynamics is different in each regime
We study O and € -regimes (RMT)

and p-regime (probing chiral loops)
complement each other

interpretation of rotator levels in m,—0 limit:

Veff: chiral condensate in flavor space Wsd cahadncata

arbitrary orientation of condensate

Not to misidentify rotator gaps
' as evidence of chirally symmetric
T phase !



integrated distribution
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Random Matrix Theory tests in epsilon regime:
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One-loop chiral expansion in p-regime:

Note 1/Ns scaling of pion mass!
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The M- L =10 condition (to control FSS) will require L = 100! Same scale

N, =2 higher reps (like sextet) are more favorable for chiral expansion

Condition of reaching the chiral expansion regime can also be estimated from

——— =03, witha-m, =0.25 (to keep cut-off under control), and m,

/ F =10 (as expected), a- M _=0.10 is needed

as largest QCD projects!

rotator spectrum =



Condition of reaching the chiral expansion regime can also be estimated from rotator spectrum =

1
E = 2—91(1 +2) with [ =0,1,2,... rotator spectrum for SU(2), X SU(2),

2)

C(N, =

with 0= F?L’ (1+ (Ff —+O(1/F*L})) (P.Hasenfratz and F. Niedermayer)
2
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(there is in E, an overall factor v for arbitrary N )
f
C(N,=2)=045, Cwill grow with ~ N, (P.Hasenfratz, O(N ;) model)

there are similar considerations in the &-regime

N, /2
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with <« 1 condition

The rotator spectrum has the expansion parameter ~ C

N, /2
with C—4— =03 FL =2.5 for N, =8 (USQCD project)

2712
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witha-m, = 0.25 (to keep cut-off under control), and m , | F'=10 (as expected), L =100 is needed!

When expansion breaks down in 0 — regime, same is expected in the p-regime



Deceptions of finite size behavior:

large volume squeezed wavefunction crossover to femto world
hadrons point-like F(/\:)J

volume dep. - 1/L3

\7(/\: §= =2 —  extended hadron with form factor F (k)
" +m”°

hadron with form-factor

™ exchange ~ exp(-mL) 10°
SE (a)
e 10° 1
' P TRRE i volume dep. ~ 1/L3 F(k)= =
. Mo TG 1 T R q l+c-k
R S A 10
|
L000q
10-1 | T | 1
1 5 10 20
L
OE = ZV(ﬁL) hadrom self energy from interaction with images 8E1 4 i
i - b
12F
1 A2 g, 25 g
OF = EZV(ﬁ Tﬂ) Poisson resummation, V (k) is the Fourier transform 10F L1 -exp(-mL) fit F(k)= ﬁ
n - +cC-
. e—mr 08 -
V(k)==; > = V(@)= for large r in point-like approximation s
k™ +m r 06 3
04f
—mL [
O0E=V(0)+6V(L) OE= i point-like interaction for large L (non-relativistic) 0 25
Liischer made it relativistic using field theory the size where the 1/L3 correction to the masses disappears and the exponential

behavior sets in depends on the behavior of the hadron form factor

Leutwyler put in the chiral vertices, hence the g(mL) form in chiral PT

the characteristic inverse power vs. exponential behavior can
frustrate at limited lattice sizes the analysis of chiral vs.
conformal hypotheses
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conformal scaling and scaling violations

if model had conformal IRFP

two interchangeable RT descriptions?

continuum mass deformed conformal theory is on RT coming
out of IRFP

| worked out as an example all the details of 3D scalar theory

m (fermion (Ising model) with IRFP

\4

RT mass deformed textbook material

Del Debbio and collaborators
early conform apps

free energy on RT:

RG scaling of 2-point function:

— —d Al Y2
f(ul,uz,...)—g(ul,uz,...) + b fg(b ul’b I/tz...) G(Z)(I’,m,uz,...)=b_sz(l’/b,by’"m,byzuz,...)

analytic singular from G (r,m,u,,...)~ e ™ asymptotics with M ~ m'"» scaling follows

y1 > 0 only relevant exponent in our case leading correction to the scaling term should be ~ m® where @ = ’(g")

U1 =t~midentified, y1=ym in Technicolor notation analysis would change with second relevant operator at IRFP!

y2 controls scaling violations, leading correction term

analytic function which can have terms like ~mk are typically sub-leading - analytic terms exists, but no reason to be leading conformal

scaling correction

Fisher and Brezin worked out most of what we know!

- correlators of composite operators require inhomogeneous RG!
similarly, in conformal finite size scaling analysis:

E/L=f(x)+L°f(x) with x=Lm'"» ——>  This directly transcribes to hadron masses and F,

correlation length measured in L units finite size scaling correction terms require

very accurate data
| 4



Chiral hypothesis incomplete analysis on each side = Conformal hypothesis

chiral logs not reached yet in important models!
(like N=8, or N=12)

(M;)NLO = (M; )LO + (SM; )1_100p + (5M;)m2 + (5M;)a2m + (5M;)a4
~ m2 ~ a2m ~ a4

2 _ 2 kept cutoff term in B see LO a? term
(M:>),, =2B-m+a A,

would require more data

(6M7% )l—loop = [(M; )LO + az ]2 ln(Mi )LO

1\42 =cm + szz + lOgS fitted function for all Goldstones

T

Mnuc =C,tcm + 10gS nucleon states, rho, al, higgs, ...

(F),o=F, (OF, )1—loop = [(Mi o+ az]ln(M; )0

chiral log regime was not reached in fermion mass range
_ 2
(6Fﬂ:)m2 ~m9 (6Fn')02m_a

kept cutoff term in F

FTC =F + c,m+ logs fitted function

(1/7‘/f> = <l/71//>0 +cm+ c2m2+logs chiral condensate

M_=c,-m", y =1+y

leading conformal scaling
functional form for all hadron masses

Fit:CF.ml/ym’ ym=1+y

same critical exponent

<l/71//> =c -mP 4 ¢m Del Debbio and Zwicky
Y

Asymptotic infinite volume limit has not been reached
yet in important candidate models for conformal window

infinite volume conformal scaling violation analysis ?

conformal finite size scaling analysis and its scaling
violations ?
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but FSS works!
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FSS works again! 3d Ising model IRFP (g4)* conformal

e | applied again from FSS:
' ¢ 0) 0p=0.220 | P.(1)=P_(t)-Q,(x(t)), x(t)=¢&,(t)/L
. Eﬁ% Op=0.221 ,
il @ applied to P.(t)=ga(t) renormalized coupling
| % |
O°‘~*0.6: Eﬂcom | g(t)=—x4—(t)
04 ’ = | ) 53')(2(1)2
1]
°2 we are working on similar FSS methods in Nf=12 model
under the conformal hypothesis
% 0.2 0.4 06
caviats:

composite operators and composite states make a similar analysis more difficult

can the two phases (chiral and conformal) get confused in FSS?

large volume squeezed wavefunction crossover to femto world
hadrons point-like
R A R S 14
e gt e
; B L RN el o 3E F (b)
bﬁ‘ 7 tl 12F
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™ exchange ~ exp(-mL) oA 55 : exp(-mL) fit
, o :
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Nf=12 fundamental representation



Nf=12 flavors with fermions in the fundamental rep of SU(3) color gauge group
just below the conformal window?

fermion condensate, Fys and hadron spectrum were determined

published data set (condensate in separate table):

Twelve massless flavors and three colors below the conformal window.

Phys.Lett. B703 (2011) 348-358

e-Print: arXiv:1104.3124 [hep-lat]

Lattice Higgs Collaboration

mass lattice M, F; M;s M, M;; M, M e Muyiggs M, M4,
0.0100 | 323 x 64 | 0.2195(35) | 0.02234(46) | 0.2171(31) | 0.194(10) 0.195(11) 0.386(16) 0.387(22) 0.2162(53) | 0.239(19) 0.246(21)
0.0100 | 40° x 80 | 0.1819(28) | 0.02382(39) | 0.1842(29) | 0.1835(35) 0.1844(44) | 0.3553(93) | 0.352(16) 0.2143(81) | 0.2166(73) | 0.237(12)
0.0100 | 48° %96 | 0.1647(23) | 0.02474(49) | 0.1650(13) | 0.16437(95) | 0.1657(10) | 0.3066(69) | 0.3051(81) | 0.247(13) 0.1992(28) | 0.2569(83)
0.0150 | 323 x 64 | 0.2322(34) | 0.03168(64) | 0.2319(11) | 0.2318(17) 0.2341(16) | 0.4387(60) | 0.4333(84) | 0.2847(33) | 0.2699(41) | 0.324(16)
0.0150 | 40° x 80 | 0.2200(23) | 0.03167(53) | 0.2210(21) | 0.2218(30) 0.2239(34) | 0.4095(84) | 0.411(10) 0.291(11) 0.2574(36) | 0.327(14)
0.0150 | 48° x 96 | 0.2140(14) | 0.03153(51) | 0.2167(16) | 0.2165(17) 0.2185(18) | 0.3902(67) | 0.3881(84) | 0.296(13) 0.2506(33) | 0.3245(87)
0.0200 | 40° x 80 | 0.2615(17) | 0.03934(56) | 0.2736(22)* | 0.2651(8) 0.2766(42)* | 0.4673(62) | 0.4699(66) | 0.330(17) 0.3049(28) | 0.361(32)
0.0250 | 323 x 64 | 0.3098(18) | 0.04762(53) | 0.3179(17) | 0.3183(18) 0.3231(20) | 0.563(12) 0.563(14) 0.4137(88) | 0.3683(19) | 0.469(14)
0.0275 | 24° x 48 | 0.3348(29) | 0.05218(85) | 0.3430(18) | 0.3425(25) 0.3471(26) | 0.609(21) 0.628(23) 0.460(16) 0.4050(69) | 0.523(34)
0.0300 | 24° x 48 | 0.3576(15) | 0.0561(11) 0.3578(15)" | 0.3726(29) 0.3790(40) | 0.640(12)* | 0.633(16)* | 0.470(15) 0.4160(26)* | 0.5222(90)*
0.0325 | 24° x 48 | 0.3699(66) | 0.0588(15) 0.3790(34) | 0.3814(62) 0.3879(62) | 0.680(18) 0.686(26) 0.500(21) 0.4481(39) | 0.548(31)
0.0350 | 24° x 48 | 0.3927(17) | 0.06422(57) | 0.4065(18) | 0.4074(19) 0.4149(26) | 0.703(28) 0.741(20) 0.538(30) 0.4725(64) | 0.669(65)

tested with two opposite hypotheses (chiSB vs. conformal symmetry)

assumptions:
- with exception of condensate only minimal leading functions are applied in both hypotheses

- global analysis is used in different channel combinations and linear term is added to condensate to

account for UV effects

- continuum fitting at fixed gauge coupling without further tests of cutoff effects (will be addressed)



http://inspirehep.net/record/896239
http://inspirehep.net/record/896239

Nf=12 Goldstone spectrum and Fps (Lattice Higgs Collaboration)

Goldstone pion fit
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Chiral condensate

mass lattice () Wy — m - Xeon
0.0100 | 48° x 96 | 0.134896(47) | 0.006305(73)
0.0150 | 48° x 96 | 0.200647(31) | 0.012685(56)
0.0200 | 40° x 80 | 0.266151(72) | 0.022069(76)
0.0250 | 32° x 64 | 0.33147(10) | 0.03462(12)
0.0275 | 24° x 48 | 0.36372(40) | 0.04133(59)
0.0300 | 32° x 32 | 0.396526(84) | 0.04974(13)
0.0325 | 24° x 48 | 0.42879(33) | 0.05781(45)
0.0350 | 24° x 48 | 0.46187(27) | 0.06807(40)
X 107 (PP) — cym — com? plotted
(W) = cg + c1 - m + cz - m2(fitted)
al Co= 0.00282 = 0.00021

C,= 13.251 + 0.023
C,= -4.21 + 0.56
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Nf=12 Hadron spectrum (LHC)
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nuc

0.37

IVlnuc(l') = Mnuc + C1' g1(MnL,n)

M = 0.395+0.014
uc

n

C,= 22.6 +10.7

+2/dof= 1.86 1

M =0.2146
TT

fitted volumes: 32°x 64, 40°x 80, 48°x 96

0.2

25

30 35 40 45 50 55 60

L

Rho meson linear fit and A1 meson

MA1=M0+c1m

M0= 0.1196 = 0.0071
C,= 13.68 + 0.46

+2/dof= 0.76

XZ sum = 4.54
m fit range: 0.01 — 0.035

0.02 0.03 0.04

m

0.01




Limited comparison of the two Nf=12 hypotheses (LHC)

conformal finite size scaling fit of M_ Chiral fit residuals Global conformal fit residuals
15 T 001 T ! ! ‘ 001 T T T
i ion: : : 11
14| Conformal finite size scaling form: : fit function: I:O +c,m fit function: ¢, m +Y
1ot LM (L) =f(x) — ¢, +c,x (forlarge x) ] 0.005" FO: 0.00784 = 0.00050 | x2/dof= 9.05 (global fit)
. c,= 1.600 = 0.021 0.005" - —0.673+0.046
20 x=Lm"W, 1 S 1 < ,=0.673=0. (}
L 1y =0.7091 = 0.0068 | g ) o B8 v=0.400 = 0.035 ({) l
- = I s T =)
= o] Go= 0852019 ] & 0 R i) e 0 3 7§ -1
- c.= 3.860.15 ' I boe
ol 4= o = 0. i T LLE’
lobal fittoM ,F ,M_ | condensate
8t x2/dof=0.549 1 -0.005¢ 5 1 -0.005 o n’ w’nue
@ O x/dof=0.52 %2 sum (F )=54.14
Ui ° T m fit range: 0.01 — 0.035
o | 0.01 | | | | 0.01 m fit range: 0.01 — 0.035
linear fit starts from x = 1.83 0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
%5 1 15 2 25 3 m m
x=L m'W, . . . . .
107 Chiral fit residuals 107 Global conformal fit residuals
Conformal finite size scaling fit of F_ 2X ‘ ‘ ‘ 2X ‘ ‘ ‘
2 T . ‘ _ fit function: ¢, m + ¢, m>V/1+
Conformal finite size scaling form: 15! <‘II\II> — o+ cqm + c2m2 (ﬁt function) 15} c = 13.5930 ; 0.0272
1.8F | 1
LF (L) =f(x) —c,+c, x (forlarge x) o 1 c.= 0.00282 + 0.00021 = 1 c.= —7.681+0.018
. = 0. = 0. | - -
ol x=Lm', ] 2 c,= 13.251x0.023 2 y= 0.400 = 0.035
(S} [}
1/y_=0.815:0.026 g 0.5f 02= -4.21 £ 0.56 %) 1 g 0.5¢ o] %}
47 ¢ = 0.042 = 0.057 ] - - ¢
~ | % £ 0 4 £ 0 5 —
=, .| c,=0948+0072 | | i) |
m 1.2
- x2/dof= 2.89 = —0.5 5
T 7 2 2 2 2
-1+ x“/dof=0.81 § ¥~ sum(condensate) = 155.5
0.8+ E 2 .
1 &l . | x/dof=9.05 (global fit)
o 150 m it range: 0.01 —0.035 .
o6k i 5 5 m fit range: 0.01 - 0.035
linear fit starts from x = 0.75 0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
0'%.5 1‘ 115 2 m m

x=L mi¥

re-analysis of Appelquist et al. adds analytic non-leading terms: conformal OK
new FSS analysis from Lattice Higgs Collaboration: conformal not OK ... to continue

DeGrand’s objection (ignoring Lattice 2011 LHC analysis)
23



Summary of fits without the condensate using minimal fitting functions and Appelquist et al. added terms

10 channels, global fit, condensate not included Red chi2 values are based on chiSB hypothesis

m-range chi2 chi2/dof  Mpi  Fpi  Mnuc Mrho  Ma; Mhiggs Mnhuc  Msc M5 Mij based on fits to posted PLB paper including
finite volume corrections for low mass values

4 masses 1456 0.73 1.21 081 045 3.23 0.33 0.16 0.20 226 418 1.72
0.01-0.025 8852  3.05 494 779 780 19.01 3.70 7.70 427 1726 767 838 , .
8752 3.3 486 682 769 889 3.66 764 420 17.15 787 874  Thereare two blue chi2 fits:
(@) original minimal conformal fit
5 masses 1899  0.63 151 164 056 456 0.44 0.79 111 226 419 1.93 -
001-0.0275 11209 287 735 1190 913 2334 433 879 34 2579 8oa 710 (D) Appelquistetal ﬁtf‘ to posted PLB Tible
109.69  2.89 723 957 897  23.16 427 8.72 626 2567 828 755 including the Dr m “correction term” they
introduced
6 masses 4982 125 153 194 06l 1258 3.10 1.13 1.89 397 1945 3.62
0.01-0.030 16488  3.36 1174 1546 9.6l 25.31 7.09 9.3 684 4708 1835  14.08 . .
160.60 335 1194 1130 942 2495 693 922 672 4744 1789 1479  chiSB hypotheses (analytic form) good
confidence level chi2/dof~1| in low mass range
7 masses 6242 125 431 216 064 12,61 3.36 1.23 189 844 20.89 6.89 ¢ | fit sh | £ level:
00100325 17003 288 1274 1644 957 2646 733 936 689 4715 1973 1436  COnNiormalfit shows fower confidence fevel
16480 284 1292 1135 937  26.18 7.14 9.26 677 4756 1913 1511  chi2/dof ~ 3 in low mass range
it drops to chi2/dof ~ 2 if 3 pseudo-Goldstones
8 masses 98.88  1.65 1976  3.10 .11 12.98 454 1.23 228 1948 2143 1295 lof q d - cluded with added
0.01-0.035 21430  3.11 1896 43.07 10.62 27.88 9.22 9.74 849 5043 2297 1291 are lert out and condensate Included with aade
18833 277 1794 1805 10.11 27.19 8.83 9.52 834 5221 2162 1452  extra fit term
6 channels, global fit, condensate not included Red chi2 values are based on chiSB hypothesis
based on fits to posted PLB paper including
m-range chi2 chi2/dof Mpi Fpi Mrho Msc Mi5 Mij conform exponent finite volume corrections for low mass values
4 masses 13.41 1.12 .21 0.81 3.23 2.26 418 1.72 ) )
0.010-0.025 6376  3.99 524 685 1941 1771 7.7 737 0.398(19) blue chi2 fits: Appelquist et al. type fits to posted
PLB Table including the Dr m “correction term”
5 masses 16.09 0.89 |.51 .64 456 2.26 4.19 1.93 T e e
0.01-0.0275 81.05 3.68 752 960 2359 2601 774 658 0.383(15) )/ s el
0.01-0.030 127.69 456 1154 1133 2579 4672 1902 1328 0.377(15) : .
confidence level chi2/dof~| in low mass range
7 masses 5530 1.84 431 216 126l 844 2089  6.89
0.01-0.0325 131.68 3.87 1261 1138 2676 4684 2037 13.72 0.378(15) - conformal fit shows significantly lower
. 8970 249 1976 3.0 1298 1948 2143 1295 confidence level chi2/dof ~ 4 in low mass range
0.01-0.035 I51.14 378 1856 1809 27.62 5100 2244 1344 0.374(11)

Onto more tests with 6 channels using conformal finite size scaling



Conformal finite size scaling analysis

based on our extended subset of data:

This table will not be posted before our new paper is submitted



Conformal scaling and scaling violation

if Nf=12 had conformal IRFP

two interchangeable RT descriptions?

continuum mass deformed conformal theory is on RT coming
out of IRFP

we worked out as an example all the details of 3D scalar theory

m (fermion with IRFP

\4

RT mass deformed textbook material

free energy on RT: RG scaling of 2-point function:

Sy, =g uy,...) + b~ f.(b"u, b"u,...) G?(rm,uy,..)=b7'G(r 1 b,b™ m.b"u,,...)

. . from G (r,m,u,,..)~e ™ asymptotics M ~ m"*» scaling follows
analytic singular

leading correction to the scaling term should be ~ m® where @ = '(g")

y1 >0 onl | ¢ (i Appelquist et al. assumed @ =1 with the D,.m term added to F
1 only relevant exponent In our case

U1 =t~ m identified, y1= ym in Technicolor notation and similarly for hadron masses

the term exists, but no reason to be leading

y2 controls scaling violations, leading correction term . .
conformal scaling correction

analytic function which can have terms like ~m are typically sub-leading

like ~ Dr correction term of Appelquist et al. ) _ )
the correction term ~ m”>"'*" added to <1//1// > is even more ad hoc

and may not exist

similarly, in conformal finite size scaling analysis:

E/IL=f(x)+L"f,(x) with x= Lm'"”"»  ———  This directly transcribes to hadron masses and F,

Correlation Iength measured in L units ﬁnite Size Scaling COI"I"eCtiOH term I"eqUiI"eS
very accurate data



(L)

LM

FS conformal fit M,F M,M /M_, M.,
o o p  sc’ 5 )

- — o
LM (L) =f(x) — ¢, +c, X
| cy=524x035

L c, = 1.05+0.22

y~' =0.7356 = 0.0075
r m

a = 1.96+0.17

vZ/dof= 5.22

power fit m=0.01 - 0.035

1 1.5 2 25 3
x=Lm'W_

LMn(L) global conformal fit residuals

6 channels: M, F, M, M ,M_, M.,
T p SC

7’ 5’

. 2
x=L m_

L[F (L)-D_m]

Conformal finite size scaling analysis with 6 channels in m=0.01

FS conformal fit M,F, MM ,M_, M.
LA ¢ p sc i5 ij

2 T T T

18k L[FW(L)—DFm]=f(x) —C,+C, X
c,= 0.14+0.054

1er c, = 0,402+ 0.1

| D= 0.666 = 0.22

y~' =0.7356 = 0.0075
m

x2/dof= 5.22

0.8F ]

[} linear fit m=0.01 — 0.035
0.4

0.5 1 15 2 25 3
x=Lm"W_

LFn(L) global conformal fit residuals

025+ 6channels: M,F,. M, M ' M_, M.
Tow p SC:

= A 5 A 111

01t % %

0.05f %
0 T X T T § T $ T T
BESEEI R
-0.05 %
®
=01
-0.15
02 »°/dof=5.22 (global conformal fit)
-0.25-
0.5 1‘ 115 é 215

x=L m¥,

20

-0.035 range with 9 mass values

FS conformal fit M,F, M, M M_ M
x m© p sC i5°

18

14+

10

_ T _ T o
LM (L)=1(x) ¢ +c,x

Cy = 5.45 +0.92

c,= 1.77+0.65
y,' =0.7356 = 0.0075

a= 1.67=+0.29

xZ/dof= 5.22

o\&

power fit m=0.01 - 0.035

151

o

0.5

L) - (c, +c, x%)

o -05

LM

-1.5

-2

0.5 1 1.5 2 25

1 1.5 2 25
x=Lm'W,

LMp(L) global conformal fit residuals

6 channels: M,F. M, M ,M_,M,
Toom p scn i51 ijrc

SRS asE

Ho
[

- v/dof=5.22 (global conformal fit)

x=L m_

(a) the power fit to F_is consistent with o¢ = 1and does not improve the fit

(b) concern about barely detectable taste breaking in pseudo-Goldstones?
removing them is still a bad conformal fit!

(c) lowering the mass range to m=0.01-0.025, or m=0.01-0.02 will make the fits worse

HeH




Conformal finite size scaling analysis with 6 channels in m=0.01-0.035 range with 9 mass values

FS conformal fit Msc’ Fn’ Mp’ Msc’ Mi5’ Mij FS conformal fit MiS’ Fn, Mp, MSC, Mi5’ Mij FS conformal fit Mn, Fn, Mp, Msc, Mi5, Mij

15 T T T

15 T T T

LM, (L) =f(x) = c,+c, x* )

—_ — a
| L LM X LML) =) — c;+c,

— p—y )
L LM_(L)=f(x) = ¢ +c, X

L ¢, = 0.67 = 0.41 | 13l C= 0.5925 + 0.13 i 1Bl 6= 0.6708 + 0.12
L ¢, = 4.05 + 0.41 ) 12l €= 4.32 £ 0.33 | 12l €= 2.02 £ 0.94
| o= 159=0.13 | 4L a=167+0.12 | 4L @= 1172015
-1 =) -1 = -1
| y_' =0.7356 + 0.0075 | o | y_ ' =0.736 = 0.0075 | ==, | y. =0.736 = 0.0075
m s 10 m s 10 m
— —
- x2/dof= 5.22 I 9F xz/dofz 5.22 1 or
I ] ol 1 8f xZ/dof=5.22 -
. A 4L A 4L
" power fit 0.01 - 0.035 ] 6 power fit 0.01 - 0.035 . 6 power fit 0.01 — 0.035
0.5 1 15 2 25 3 3.5 8 ” s 2 5 3 a5 oy ; s 5 s s
x=L m? ym x= L m1/yrrl x= L r.n1/ym
LMsc(L) global conformal fit residuals LMis(L) global conformal fit residuals LMij(L) global conformal fit residuals
15 15
- 6channels: M F .M M M M | i} 6channels: M, F M, M M. M i 1| 6channels: M, F M, M, M. M
5l % N g; 05 -+ g; 0.51
l % 3 bt - l §1%%
+
5 ! 2
T ¢ § 72 éL - < 3 5 & 9 §$5 < o 1 éi) ¢ = |
[y ®g g T o . T I LI . | 1
3 3
.u_) )
i % 41 = -osf | % —osf %
—
2 , : s 2/dof= i
- ¥ “/dof=5.22 (global conformal fit) - b +?/dof=5.22 (global conformal fit) . ‘ x/dof=5.22 (global conformal fit)
05 1‘ = 2 25 3 s 1‘ 15 2 25 3 s ! "o W C 28
x=L m'", x=L m'% x=L m¥,,

(a) the power fit to F_is consistent with o¢ = 1and does not improve the fit

(b) concern about barely detectable taste breaking in pseudo-Goldstones?
removing them is still a bad conformal fit!

(c) lowering the mass range to m=0.01-0.025, or m=0.01-0.02 will make the fits worse



FS conformal fit M,F, M,M ,M_, M.
o o« p  sc’ 5

FS conformal fit M,FE, M,M ,M_ M.
oo p sc’ is

Conformal finite size scaling analysis with 6 channels in m=0.01-0.025 range with 5 mass values

FS conformal fit M,F, M,M ,M_, M.
ELA 1 p’sc i5 ij

LM (L)

LM (L) - (c, +c, x4

2 T T T T T T T
! ! ‘ L Mp(L): f(x) —c,+c, x*
— p— a
| LM (L) =f(x) = ¢, +c, X i 18 LIF (L)-Dom]=f(x) —c,+c, x | o o 54414 |
o= 5A4=1.
| CO= 5.09 + 0.44 | Co= 0.13 £ 0.076
161 c, = 0.456 + 0.19 16 €= 1.81 £ 0.81 i
L ¢, = 1.17 +0.33 |
T 14 DF 0520043 ] L v =0.73430.014 |
L — - J w
a =185x02 a y,| =0.7343 = 0.014 = 165+ 034
-1_ . | 12F 1 T a= 1.65=0.
|y =0.7343 +0.014 | == 12l |
= -
- »/dot= 6.27 1= 7 1 Ll |
2
L A o8l ) +?/dof= 6.27 i ¥ /dof=6.27
8- 4
3 1 06f 1
o . . .
L power fit m=0.01 — 0.025 i y linear fit m=0.01 - 0.025 6 power fit m=0.01 - 0.025
05 1 15 > 25 3 35 05 1 15 2 y 25 3 35 b5 1 15 2 25 3 35
x=Lm", x=Lm", x=Lm,
LM (L) global conformal fit residuals LF (L) global conformal fit residuals LM (L) global conformal fit residuals
2
6 channels: M ,F , M, M M_,M L . J
o p  sex 5w jm 025 6 channels: Mrc’ Fn’ Mp’ Mscn’ Mi5n’ Mijn 150 6 channels: Mn’ F:rr’ Mp, Mscn’ MiSJt’ Mijn i
[ B 0.2 B
/><\‘_ 0.15F 1 1 1
0 —~
L ig b +O 0.1 % b ts>< %
% < % | o 05f % % i
| +
I R B 11 T I % 0 S RN & | I S ;
P ﬁ ] 0] A b T B 19 ¢ ; % I l% 4
O oost % R - %
L $ = o5} 1
3 E =  -01F 4 %
LL!:‘
j -0.151- g 1k i
- XZ/dof= 6.27 (global conformal fit) 1 -02f x2/dof= 6.27 (global conformal fit) 1
15 X2/dof= 6.27 (global conformal fit) 1
-0.25 B
05 1 15 > 25 3 05 i 15 > 25 3 %5 1 15 2 25 3
x=L m" x=L m"_ x=L m1y_

(a) the power fit to F_is consistent with o¢ = 1and does not improve the fit

(b) concern about barely detectable taste breaking in pseudo-Goldstones?
removing them is still a bad conformal fit!

(c) lowering the mass range to m=0.01-0.025 does make the fits worse!



0.5 1 1.5

Conformal finite size scaling analysis with 3 channels in m=0.01-0.025 range with 5 mass values

FS conformal fit

M,F,M
o7 p

L ¢, =0992+03

Lo = 1.88+0.17
|y, =07151+0.023

| LM (L) =f(x) = c,+c¢ x*

0 1

L Cy= 5.09 = 0.35

power fit

Z/dof= 4.3

m=0.01 - 0.025

2 25
x=L m”Vm

LMn(L) global conformal fit residuals

3channels: M, F , M
T P

e

—eH
—er—
—o—
19

-1
—e+eH

v?/dof= 4.3 (global conformal fit)

1 15
x=L m¥_

3.5

FS conformal fit Mﬂ, Fn, Mp

18k L[Fn(L)—DFm]=f(x) —>Cy+C X |
¢, = 0.13=0.062
" ¢, = 03942015 il
T 4l D= 0.616 = 0.33
- -1
@) y1=0.7151  0.023
| 12 M
)
vl:
W= 1r J
-l
0.8} Xz/d0f= 4.3 I
0.6 b
o linear fit m=0.01-0.025
0.4+ B
0.5 1‘ 115 ‘2 215 3‘
x=L m”Vm
LFn(L) global conformal fit residuals
025 3 channels: Mn, Fn, Mp 1
0.2 bl
Q‘_ 0.15 7
[&]
+ L m
o 3
)

[ 0o0sF % % |
E‘ 0 T 1 T ;Ir\ ;l;T ;{\
o T ? % T 1 17

| -0.05 7
Q -0.1F § b

B
L
= -01sp E
-0.2 xz/dof= 4.3 (global conformal fit) ]
-0.25 7
0.5 1‘ 115 é 215
x=L m”Vm

(L) - (e, +¢,x%)

(o}

LM

LM (L)

FS conformalfit M ,F , M
FL 4 p

| ¢,= 536088

| ¢,=1.6=066

| y;'=07151+0023

—
LM (=169 —c,+c, X

a= 1.66=0.28

¥2/dof= 4.3

power fit m=0.01 - 0.025

L L L L
1 15 25 3 3.5

2
x=Lm,

LMp(L) global conformal fit residuals

15L 3channels: M ,F , M

. fLA 1 p

ik

Jd l %

. | % % o f* : 7

ﬁ ]
-0.5F %
1k
-15F »°/dof= 4.3 (global conformal fit)
s " 15 > 25
x=L m¥,

(a) the power fit to F_is consistent with o¢ = 1and does not improve the fit

(b) concern about barely detectable taste breaking in pseudo-Goldstones?

removing them is still a bad conformal fit!

(c) lowering the mass range to m=0.01-0.025 does make the fits worse!




Nf=12 running coupling from static force

I T I T I T I T I T I T I T I T I T I T I I T I T I T I T I T I T I T I 1 I 1 I 1 I

0.36 — — 0.16 —

- | — fit V(R) = V, + o/R + O*R . - —— 1l-loop { £
0.34 — 0.14+ — 2-loop + £ —
L 4 L — 3-loop £ F E I _
0.32~ = 0.12 e R _
- - q' - o -

0.3 = I 0.1 —
—~ B g Mo § 7
o 0.28 SU(3) N.=12 fundamental ; 0.08 =
S L 3 3 L A

48 6 =2.2 =0.01 [
= 0.26 — x2 B m - E 0.06 — —
I V.= 0.3119(15) ] ~ I ]
0.24 0 — 0.04f( . ~
[ o = -0.485(6) ] > [ SU(3) N =12 fundamental ]
0.22f G = 0.00253(8) — 0.02 48°x96 P=2.2 m=0.01 ~

0.2 x’/dof = 17.1/18 _ 5 i

o 13- P R R SR TP S S S SR SR B ~0.02 | [P R L\ 1 | | | L]

: 4 6 8 10 12 14 16 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24

R
10 - : S R S S —
-—-— 2-loop univ. gl
| — — — 3-loop SF 7 | imite ?
8 | m --> 0 and a --> O limits ¢
| Xale group |
| ,/ Schrodinger functional | finite volume effects ?
_ 6
Fu

- —

- #
2 S‘A‘f 10 20 30 40

Log[L/Lo] ol



Nf=2 sextet representation
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0.12

0.1

0.08

0.04

0.02

(WW)

N; = 2 sextet

Nf=2 sextet

B =32

chiral condensate

WW) with c;m + com? removed
{

T T 0.015 T T T T T T T T
L p— . . 2
(WW) =co+c1-m—+co-m o014l |
- | (WW) = ¢+ cym + com?
CO= 00083 + 000056 0.013}F _
c=78+015 0.012- c,= 0.00831 = 0.00056 |
L i %
C,= —49.2+9.25 7 oottt c,= 7.7961 £ 0.15 .
32%x 64 fitted with :
" X itted wit 4 5 o001t ]
*/dof= 3.07 | c,= -49.29.3
m range: 0.003 - 0.014 3 0.009} c} ]
. 2 5 ¢ - o $ -
_-7 0.008 - s
e | ;
-7 ] 0.007 +?/dof= 3.07 .
- e— - ]
______ 0.006 - m fit range: 0.003 - 0.014 §
- -~ (l_m%n conn) ) <LIJLIJ>
| | 0005 | | | | | | | |
0.005 0.01 0.015 0 0.002 0.004 0.006 0.008 001 0.012 0.014 0.016
mq m
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0.1

Fn with linear chiral fit

Nf=2 sextet spectroscopy

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02 -

0.01

Fn with chiral log fit

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

T 0.1 T
F.=F,+c,m . ool F_=F,+c, m+c, mog(m) i
F = 0.02790 = 0.00045 F = 0.02039 + 0.00092
0 > 0.08f 0 -
C,= 3.15 +0.053 Cc,= -0.29 = 0.46
007}
X2/d0f= 1.25 C,= -0.92 £ 0.12
I 0081 2/dof= 0.31 I
. " 005 .
b 0.04 |
T 0.03 E
X2 sum: 6.25 . 0.021 X2 sum: 1.5749 .
m fit range: 0.004 — 0.014 . 0.01F m fit range: 0.003 - 0.014 .
0,602 0.604 0,(;06 0,(;08 0_61 0_612 0,(;14 0.016 OO 0.602 0.604 0.606 0.608 0.(51 0.612 0.614 0.016
m m
M2 with chiral log fit Sextet MH. with linear chiral fit (for comparison)
T I9gs
M_=c m+c, m? + Cy mZlog(m) /// | MHiggs =M, +¢c, m
c,= 469 = 84.6 7 c,.= 27.7 = 1.44
c,= 133.5+226 o i 04f  x?/dof=0.53
vZ/dof= 0.34 7 ] 8 P
e - — 03 -
s/ [0}
4 >
7 ()
s g I @
.7 ’ 0.2
/ ’ 7] 2
J xz sum: 1.7215 0.1F ¥~ sum = 4.27
g m fit range: 0.003 - 0.014 | m fit range: 0.003 - 0.014
0.002 0.004 0.006 0.008 001 0012 0.014 0.016 % 0.005 .01
m 34 m

0.015



g function

F - fittin

T

Limited comparison of Nf=2 sextet hypotheses (LHC)

sextet chiral log fit: F_residuals sextet conformal fit: F_ residuals
0.01 ‘ 0.01
i PR 1M1+y
0.008 - fitting function: F + c,m+ czmlog(m) i 0.008 - fitting function: ¢ m 7
c,= 0.493 + 0.027
0.006 - F =0.0204 = 0.0017 | 0.006 |
c, = -0.285 + 0.86 y=1.18 + 0.055
i ] 0.004 -
0.004 c,=-0916x0.22
c
K]
0.002 ] g 0002 % i
c
$ 2 § 4 3
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DeGrand and collaborators claim:
Nf=2 sextet beta function has an IRFP zero

- | < thin links 4->8 i
O fat links 6->12

0.04 — X X fat links 8->16 N

I - — - 2 loops i

0.02 - : <}> 7

o I i
3 ] %U
Q J T

wl L TE L _—
]f 4 %--‘%j --------- L L

u=1/g" 4",6", or 8%

But from this calculation Y ™ 0.4 is almost three times
smaller than the Lattice Higgs Collaboration value
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Tunneling vacua and the conformal window
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Inside the conformal window:

Nf=16 fundamental rep SU(3). case study

Nf=16 important test of lattice technologies

. *2
a2[ a3l a4l RYH’OV and Shrock }/21 y3[ ,}/41
2
00416 | 00397 | 00398 |x=¢g /4w 00272 | 00258 | 00259

Heller
A. Hasenfratz

early work SF

Running coupling g(L) evolving with L g (L)— g, as L — oo infrared limit
(evolution of finite volume spectrum?)

At small g*(L) the zero momentum components of the gauge field
dominate the dynamics: Born-Oppenheimer approximation

Originally it was applied fo pure-gauge system Luscher, van Baal

Small volume dynamics of QCD has spectrum which adiabatically evolves into hadron
spectrum with rapid crossover around L ~ 0.7 fm

Method turns into important large volume dynamics around weak coupling fixed point
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SU(3) 3°=27 gauge vacua (electric fluxes) --> 2°=8 massless fermion vacua (pbc)

recent renewed interest:
Yaffe, Unsal

Ai(x) = T“C?/L <-- zero momentum mode of gauge field DeGrand, Hoffmann
others ...

For SU3), Ty = A3/2 and T, = 1g/2

vE(Ch) = Z V(CP [ — 11 —NfZ VICu? +7k)  u® = (1,1,-2)/ V12 and 4@ = 1(1,-1,0)

i>j

SU(2) Verr shown for simplification: Effective potential shows the effects of

A 4 _ massless fermions van Baal
[ NG

T T o Fermions develop a gap in the spectrum
tunneling

> k=(0,0,0) periodic
‘ 1 ‘ 1 1 x 1 C1 ‘ -~ 7r / L ( ) P . . .
o -x 0 =m  2m 3m 4m St 6m k=(1,1,1) antiperiodic

vacuum lifted true vacuum

Low excitations of Hamiltonian (Transfer Matrix) scale with
will evolve into glueball states for large L ~ g™ (L)/L

Three scales of dynamics scale 1: on smallest scale WF is localized on one vacuum
scale 2: tunneling sets in across vacua

scale 3: spill over the barrier - confinement scale
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Nf=16 inside conformal window femto volume with tunneling

3-stout, N=16, 123x36, bet a=30. 0, m=0. 005, pbc 3-stout, N =16, 12°x36, beta=18.0, m=0. 001, apbc
T T T T T T I ! T T SpaltIaI " T 5 T
0.6 | gg:}:g:; g . 0.6 spatialy  ©
spatialz © spatialz ~ ©
04 F
04 F -
0.2 F
0.2 F - >
5 g
© a O s
£ o} :
S £
£ 0.2 }
-0.2 F -
-04 F
-04 F -
-0.6 F
'06 B - 2
3 3 3 3 '06 '04 '02 0 02 04 06
-06 -04 -0.2 0 0.2 04 0.6 Real

Real

How is this effecting running coupling calculations?
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-0.06 :
—-0.08 :
o
=012 )

-0.14
0

1.8

1.6

l L 1 1 l 1 1 1 I L 1

SF scheme, N,=2
---- 2-loop

— — 3-loop
non—pert. fit

'| for the interpretation of the running coupling
1 g?(L) in the presence of tunneling

running coupling and tunneling

C’

A/
Schrodinger Functional Nr=0 and N=2 r
massless fermions
Alpha collaboration
around g2 ~ 2.5 the Ni=2 B-function breaks ime T *
away from perturbative form where 2-loop
and 3-loop still run closely together

0
g2 ~ 2.5 is the onset of tunneling N\ -
(most likely to a metastable local minimum)
—_—
space

running becomes non-perturbative in very
small box where Lmax < 0.4 fm

80 i . o

Why, and what is the underlying physics? S0 E

We need to understand femto physics better o

4 v C A 1 1 1 1 l' J 1 -l 1 l:. l 1 1 1 l 1 1
T 0 1000 , 2000 3000
MD

tunneling ‘ —>»C1 :
-27 - 0 7 27 37 4 57 67
vacuum lifted true vacuum

| Nf=16 weak coupling case study inside the

conformal window shows the dynamics
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Summary and outlook

- We have technology to deal with lattice specific issues: cut-off, volume, fermion mass
RG flow and lattice continuum physics
BSM specific {PT
m=0 chiral limit and finite volume issues
Two model studies

- Inside the conformal window
RG flow and lattice continuum physics
importance of finite size scaling
running coupling and tunneling
Nf=16 case study

- Outlook
we have only seen so far the tip of the iceberg of what lattice BSM can do
for example: FSS analysis of current correlators in m->0 limit Lattice Higgs Collaboration
phenomenology Strong Lattice Dynamics Collaboration
discussions: new input into lattice projects?
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