Koy ads-Markow a il e
for the Origin of Particles and $he Universe

KMI Inauguration Conference
on
“Quest for the Origin of Particles and the Universe” (KMIIN)

October 24-26, 2011
ES Hall, Engineering-Science Building (KMI site)
Nagoya University

Speakers include: Advisory Committee:

Congratulations KMI for the beginning of a new era in
particle physics at Nagoya University!

S. Raby (Ohio State) M. Tomoto (Nagoya/KMI) K. Yamawaki (Co-Chair
. . ' Y. ltow, H. Kanno,
E. Sh“.ry‘]k (Smny_Br(_)Ok) H. Kunieda, M. Nakamura,
E.H. Simmons (Michigan State) Sponsored by: S. Nojiri, N. Sugiyama
D.T. Son (Washington) KM Local Organizing Committee:

Y. Suzuki (ICRR, Tokyo) Co-sponsored by: Y. Aoki, T. Aoyama,
H.Tajima (STEL,Nagoya) Nagoya University Global COE Program K. Hayasaka, N. Maekawa,

“Quest for Fundamental Principles T. Matsubara, H. Matsumoto,
K. TOkUShUkU (K[K) in the Universe: From Particles S. Moriy;mm‘ C. Nonaka

M. Turner (Chicago) to the Solar System and the Cosmos” Y. Akamatsu, K. Bamba,
Daiko Foundation Y. Haba, C. Hikage, Y. Horii,
M. Kurachi H. Menjo,

11 , 111 I BEERE
11
U | T '*“"‘*ﬁfﬁﬁr,_

LTI T

([l




Talking about compositeness in Nagoya is like bringing coal to Newcastle

Sakata:
On a Composite Model for the New Particles. Remarks on the unified model of elementary particles.
Shoichi Sakata (Nagoya U.). Sep 1956. Ziro Maki, Masami Nakagawa, Shoichi Sakata (Nagoya U.). Nov 1962. 11 pp.

Published in Prog.Theor.Phys. 16 (1956) 686-688 Published in Prog.Theor.Phys. 28 (1962) 870-880

CP Violation in the Renormalizable Theory of Weak Interaction.
Makoto Kobayashi, Toshihide Maskawa (Kyoto U.). KUNS-242. Feb 1973. 6 pp. The NObeIS

Published in Prog.Theor.Phys. 49 (1973) 652-657

Conformal phase transition in gauqge theories.

V.A. Miransky (BITP, Kiev & Nagoya U.), Koichi Yamawaki (Nagoya U.). DPNU-96-58. Nov 1996. 44 pp.
Published in Phys.Rev. D55 (1997) 5051-5066

YA, T.Aoyama, M.Kurachi, T.Maskawa, KNagal H.Ohki,
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Lattice Methods in the Theory Space
Beyond the Standard Model

Julius Kuti

University of California, San Diego

Sakata Centennial Symposium, October 27-28, 2011



My colleagues in the Lattice Higgs Collaboration:

Zoltan Fodor, Kieran Holland, Daniel Nogradi, Chris Schroeder, Ricky Wong



What this talk is not: reviewing work from all lattice groups
only Lattice Higgs Collaboration (LHC) results

although good progress is being made by all groups
What this talk is: overview of lattice methods commonly faced in lattice
work in theory space of strongly interacting gauge theories

Overall goal: SM Higgs * Composite Higgs Mechanism
(Higgs without Higgs)

Lattice specific: cut-off, volume, fermion mass

Talk is mostly for off-lattice researchers
while they are thinking about making proposals for us

The 3 lattice specific “limitations” actually help to understand the basic
physics of the models



Outline

- Composite Higgs Mechanism at the LHC

lattice BSM goals in Theory Space
world-wide lattice BSM effort
lattice resources (GPU technology)

- Below the Conformal Window
lattice specific: cut-off, volume, fermion mass
RG flow and lattice continuum physics
BSM specific YPT
m=0 chiral limit and finite volume issues

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

- Outlook
from KMIIN conference discussions: new input into lattice projects?



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




Two logical choices to accommodate heavy Higgs (or no Higgs)
scenario:

1 1 1 I 1 1 1 I
| L Im=1727 £ 2.9 GeV
m, = 114...1000 GeV

U=0 - - use some effective theory with TeV scale higher dimensional

. operators

1 -new microscopic theory on TeV scale

Composite Higgs mechanism - Technicolor 2.0 ?

| -The paradigm is interesting again

68 % CL |

- Requires non-perturbative lattice studies
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Nf=2 and Nf=6 S-parameters
Lattice Strong Dynamics Collaboration (LSD)

Parity Doubling and the S Parameter Below the Conformal Window.
. , LSD Collaboration (Thomas Appelquist , Ron Babich, Richard C. Brower, Michael Cheng,
+ + + + 1 Michael A. Clark, Saul D. Cohen, George T. Fleming, Joe Kiskis, Meifeng Lin, Ethan T. Neil,

—_
o
—

James C. Osborn, Claudio Rebbi, David Schaich, Pavlos Vranas) Phys.Rev.Lett.

e-Print: arXiv:1009.5967 [hep-ph]

more phenomenology at this workshop (Fleming’s talk)

Lattice Higgs Collaboration (LHC) is working on it as well
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Nf (flavor)

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

space of color, flavor, and fermion representation

20
N / for each rep BSM interest is below
f /// conformal window but close to it:
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Composite Higgs mechanism? (Technicolor and Extended Technicolor in the past)

A . . AN I . .
i | ' . i .
! non-conformal QCD-like : i - requires walklxg gauge coupling
'l far from conformal window ! A= 100-1000 A, ! chiral SBon A,. ~TeV scale
1 | "
: : | - fermion mass generation from
i i ! scale at A,,. ~100—1000A,,.
|
| ! ) ) I
| | walking coupling ! - can solve problem of flavor changing
! : separates two scales : currents
I |
I |
: : target of lattice BSM effort :\ - composite H|ggs mechanism
I | |
4 . . }
A=A L 'Ae Ao 9q - broken Dilaton =¥ unusual
composite Higgs particle in BSM ?
N ! ’
| V . . . ']
original textbook Technicolor paradigm: p : e gg:sa::\;:il:t:onﬂlct el S I el
_ o' la 7
" IO S A o COLAE | ] ! /’ - candidate models require non-
H |
chiral SB T Z > perturbative lattice studies

d

- 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

_— e mm mm omm omm omm omm omm omm omm el e o o o o mm Em w

Chiral symmetry breaking
turns conformal FP into
walking

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

|0



This is all difficult and not QCD-like!
We do not know the answer, but:

If we knew what we were doing, it wouldnt be called
research

A. Einstein
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US BSM project sites using USQCD hardware & software support

(three years ago map was almost empty)

Kudos to the Yale group for stimulation and letting the genie out !

Lattice BSM groups study the composite Higgs mechanism
TC scale - perhaps stretched to ETC scale by walking coupling?

fermion mass generation has to be built on the top of it
- some new theory on ETC scale




growing resources: Lattice BSM GPU computing
video games in technicolor

Clusters

BG/P




We have new computing technology for lattice BSM effort

Lattice Higgs Collaboration
Wuppertal technology . .

1D decomposition

(in ‘time’ direction)

to GPU

/ face / face

~exchange ~exchange

o o

\

Silicon Mecharfics Part Number: 19417
Manufacturer Part Number: 900-21030-2200-000

NVIDIAe Tesla™ third-generation 40nm GPU
448 CUDA cores
e

3 GB GDDR5 Memory (2.625 GB w/ ECC)
Dual Precision 515 GFlops

, ’ L
A Tesla C2050 (Fermi) GPU 1
U 44

T

&

Single Precision 1003 GFlops
PCle 2.0 x16 full-length, dual slot

_exchange

face \

@

QUDA Parallelization USQCD

Assign sub-lattice

face
_exchange

@

wrap

— around

T 3

GFLOPS Sustained

Single Half: 32x32x32x128

3500

3000

2500
2000 -
1500
1000

500

0

Number of GPUs

i uJlab Tesla

) E Edge

) ®Jlab GTX480
8 16 32 64




Outline

- Composite Higgs Mechanism at the LHC
lattice BSM goals in Theory Space
world-wide lattice BSM effort
lattice resources (GPU technology)

- Below the Conformal Window
lattice specific: cut-off, volume, fermion mass

RG flow and lattice continuum physics
BSM specific YPT
m=0 chiral limit and finite volume issues

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

- Outlook
from KMIIN conference discussions: new input into lattice projects?



cut-off control in non-perturbative lattice calculations from RG flow

‘0009\\“95 inside the conformal window:

critical surface (massless fermions) 4.5
Free electric

4 un-particles
=T continuum physic

S (Qagless) IRFP (conformal) 3.5
" =" 1 5 3

s Conformal window ]
551 / 1

4 - - .I A Y
il Confinement and CSB
1.5¢
m (fermion mass) RTjmass deformed conformal m
’ co;tinuum physics . v S : . N P
with increasing Nr walking
critical N+ scenario expected to arise:

near-conformal

QCD-like far below
conformal window

A, = 100-1000 A,

0D
\e\'a"\ . . A=Ay q i A Ay : q i’
(e critical surface (massless fermions) A
p " e
UVFP RT continuum physics (mass gap) % i“;/'

Le=""" > walking coupling has & «’

‘ L] L] - I 1

o’ several implications o

o
~ ]

g? gauge coupling

Chiral symmetry breaking
turns conformal FP into

walking
m (fermion mass)

A\ 4



Chiral regimes to identify in theory space below conformal window:

A 1
Lt
1 E
LS . .
: chiral p-regime
................ .4'
L D
FL}
> i rotétor => pion
2r3
2F' L energy gap M = [2Bm,
| ' I »
! L
P°E’ L,
0.16 .
Ni=4 Tis
B=3.80
0.12 | 167x32 n
N/-\
= 0.08}
L
0.04
O L 'l L 'l L
0 001 002 003 004 005
am

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:

0 mq;tO

q o | : =

Veff: chiral condensate in flavor space S Easma e

arbitrary orientation of condensate

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

18



integrated distribution

0.8 |

0.6 |

04

0.2

Random Matrix Theory tests in epsilon regime:

Nf - 4

8 = 3.80 S

amg= 0.001 __3

244 3
©
©
()
©
(@)
ol
£

0 0.01 0.02 0.03 0.04 0.05
ai

Dirac spectrum - integrated eigenvalue distributions of RMT
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One-loop chiral expansion in p-regime:

Note 1/Ns scaling of pion mass!

A1 . - ..
- warning: 2-loop ~ (Nf)? (Bijnens)
1 8 l" - M2 A
— - / m, =0 MZ:lel— 1(3)] + O((N¢)? ‘=
L N - s 72\ 0 ((Ne)?)  M*=2Bm
; chiral p-regime
................ 4 NM* (A4 2
] Fr,=F|1+ z( )]+ON
1+ ot 37 )|+ OUN)
1Z£ &6
M, (L )—MF1+ LM 214 )] A=ML
t_t L Vi S7r] - 71'_ 2Nf 167T2F2 gl ,T] - s
—_ rotator on
s L N 3. (A1) = 24K (1) | A for = =t 1
' > Fu(Lyn) = F 1 - 22 | a0m- or 1=~ >>
'1 i (Lom) = Fe| L= g - ilbm| - & | L
FL’ L

2
with <« 1 condition

Chiral expansion parameter is NV,
P P "167m°F?
N, = 8 fundamental rep in USQCD BSM project

2

set V
"6rn*F

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

20

——— =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
;1

(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

2712
Ls

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
Ls

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

21



Deceptions of finite size behavior:

large volume squeezed wavefunction crossover to femto world
hadrons point-like F(k'):

\7(15) = k— extended hadron with form factor F (k )
“+m”

hadron with form-factor

™ exchange ~ exp(-mL)| 10°
SE (a)
# |
' volume dep. ~ 1/L3 Blk)=——=5
101 l+c-k
1
10‘ 1 R | 1"1:1
1 9 10 20
L
OFE = ZV(ﬁL) hadrom self energy from interaction with images 3 14 )
i E b ( b
12
1 A 2 . s
OF = —32V(ﬁ Tn) Poisson resummation, V (k) is the Fourier transform 1ok L1 -exp(-mL) fit F(k)= ;_'2
n - 1 +:C k
R, 1 o 08
V(k)==; > = V@)= for large r in point-like approximation -
k*+m r 06
04t
~mL K
OE=V(0)+6V(L) OE= € point-like interaction for large L (non-relativistic) 0 25 10 15 20

L

the size where the 1/L3 correction to the masses disappears and the exponential

Liischer made it relativistic using field theory
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

22
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Outline

- Composite Higgs Mechanism at the LHC
lattice BSM goals in Theory Space
world-wide lattice BSM effort
lattice resources (GPU technology)

- Below the Conformal Window
lattice specific: cut-off, volume, fermion mass
RG flow and lattice continuum physics
BSM specific YPT
m=0 chiral limit and finite volume issues

- Inside the conformal window
RG flow and lattice continuum physics

finite size scaling
running coupling and tunneling
Nf=16 case study

- Outlook
from KMIIN conference discussions: new input into lattice projects?
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cut-off control in non-perturbative lattice calculations from RG flow

critical surface (massless fermions)

=T continuum physic

S (gar')less) IRFP (conformal)
=" 1 ~

é‘ ...I A Y

-

m

y

(fermion mass)

UVFP

g? gauge coupling

RTlmass deformed conformal
co;tinuum physics
critical N shadow of the other phase
to confuse?
\n9°

critical surface (massless fermions)

RT continuum physics (mass gap)

==
-

A\ 4

m (fermion mass)

g? gauge coupling

24

inside the conformal window:

4.5]
,  Pree electric un-particles
3.5 Conformal window ]
] A/
2.5 critical Nt 1
2 Confinement and CSB
1.5}

4 6 8 10

N

with increasing Nr walking

scenario expected to arise:

near-conformal

QCD-like far below
conformal window

A, = 100-1000 A,

several implications ]

turns conformal FP into
walking

IAT( :AET( q > IAT(' AET( q >
N
P e
e /o ///
walking coupling has -~ o

Chiral symmetry breaking



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
25



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

26

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!

1o T=0.666667
-1 ¢ T=0.588235
- ® ©
®
— @
@
. ®
] @
@ B B 8 8 8 8 B 8 8
I [ I I [ | I |
20 30 40 50 60 70 80 90
lattice length L
= o T T L T
10 - —
©
o]
(o]
8 - o -
0]
o]
8 ° -
Q
o]
4 S B
o]
1 1 | 1 -
1.5 1.75 2 2.25 2.5 2.75 3

Q=%8/%

n/Ayg

1.0

0.8

0.6

04

0.2

0.0

4.5

4.0

3.5

3.0

2d O(3) model UVFP (at T=1/p=0)

Hz—ﬂz@é"i- m=Lle=6 N,

O;

% scaling function fitted

A, =2nB-exp(-2aB)[1+a, /B +..]

from Bethe ansatz;
iR =8 le Nl =™

0O  T=0.666667
& T=588235
T=0.53
T=0.5
¢ T=0.454545
A T=0.416667
— fitted function Q(x)

from FSS:

T T I T T T

P®)=P.@®):-Qx(x(®), x(t)=E&,(t)/L

=8 /L
for any bulk physical quantity P(t)
: ] . Qp(x(t)) does not depend on t explicitly!
? . applied to Pa(t)=E(t)
i . |
e 4 ? ; &=(t) would be ~ 22,000 at B=2.7 !

|

8/e asymptotics slowly but reached FSS is enormously powerful

1
2.2
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FSS works again! 3d Ising model IRFP (g4)* conformal

e | applied again from FSS:
d % o220  P(O)=P.(1) 0,(x(t)), x(t)=& (1)L
. g % 0p=0.221 4
% : ~ applied to P(t)=ga(t) renormalized coupling
| " |
06’0.6: fﬂcnm g(t)=—X4—(t)
04 ’ = ‘ ) 63‘)(2(02
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?

i
()
(22}

T

) A Y . -

- CESAT b L L

PRI 4] ‘-".\- o
N VL 3 04

e ’.'E.... J‘-.‘_'.I' .:._
i N U LS

el

I
Tl ekt

large volume squeezed wavefunction crossover to femto world
hadrons point-like
vol.dep, ~ 11L3 R AT O
o ST g R e 12F
-ﬁﬁ‘ g ;ﬂ R 4 ok
m exchange ~ exp(-mL) e S : 5 s exp(-mL) fit
. ; i % | 08F
.’ - ' :h
;<:"_'-"| >
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Nf=12 fundamental representation
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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)
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http://inspirehep.net/record/896239
http://inspirehep.net/record/896239

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

Goldstone pion fit

0.2
2 _ 2
MIE =C,m+c, m
0.15 ¢,= 2.15+0.21 .
C,= 67.1+7.3
0.1 »2/dof=3.29 ]
0.05+ 5 1
¥~ sum =19.8
m fit range: 0.01 — 0.035
0 | | | |
0 0.01 0.02 0.03 0.04
m
i5Pion fit plotted with pion, ijPion, and scPion
0.2 ‘ ‘ ‘ 77T
2 _ 2 s
Mispion =€ M +C, M Wi
c,= 225+ 0.19
0157 ¢ = 69.9x6.7 ‘ ]
s Xz/d0f= 3.57 ¢ ///
5 01 ’ |
/,//
//
0.05¢ A 1
/// 2
g ¥~ sum =214
0 m fit range: 0.01 — 0.035
0 0.01 0.02 0.03 0.04
m

F_linear fit
T
0.1
F =F+c,m
T 1

0.08r F= 0.00784 = 0.00050

c,= 1.600 = 0.021
0.06¢

T +?/dof= 0.52
0.041
0.02 % sum = 3.10
m fit range: 0.01 — 0.035
O0 0.01 0.02 0.03 0.04
m
ijPion fit
0.2 , ‘ >
Mipion = C4 M +C, M
c,= 1.849 = 0.076
0157 ¢ = 90.9x3.6 5
c xZ/dof=2.16
S
oL 017
=
0.05¢
2
¥~ sum =129
0 m fit range: 0.01 — 0.035
0 0.01 0.02 0.03 0.04
m
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0.04
0.035
0.03

—~

-
:l;‘ 0.025

0.02

0.015¢

0.01

0.2

0.15¢ C,= 84.4x6.5 1

scPion

0.057

0.1+

0 0.01

Fn m=0.01 finite volume fit

F(L)=F +c g,(M_L)
| F = 0.02446 = 0.00064

P C= -0.147 = 0.076

- »?/dof= 0.97 .

e

M_ =0.1660
TT

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

30 35 40 45 50
L

55

scPion fit

2 B 2
scPion — C1 m + C2 m

C,= 1.87 +0.17

Z/dof= 3.25

X2 sum =19.5
m fit range: 0.01 — 0.035

0.02 0.03 0.04

m



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

HPH

&

r: N
k4

—-—6—-:

HeH
——H

2k
2
1r ¥ /dof=0.81
m fit range: 0.01 — 0.035
OO 0.01 0.02 0.03
m

0.04

(LHC)

— "o dAp(A
=2 [ 2

m? + A2

- -2m5.f°° dd_p(Y)
u

A4 m?2+ 22

d
dm,

d

(1_mv

+cir-m+c3-m

)@W |mv=m: <$¢> —m: Xcon »

X = d—@w = Xcon T Xdisc »
m

d —
Xcon = d—mv@hﬁ)pq ln,=m -

X 10—3<\II‘II> — M Xcon — Clcon M — C2¢con m2
5
(1 -myz2)(TF) = (TF) — m * Ycon =
4+ COcon+ Cicon 1M + C2con - m2 (ﬁtted)
xZ/dof=1.16
3% @ ® : $ 3
P T G
& & P $
ol
Cocon = 0.00229 + 0.00036
con
= —0.193 + 0.039
1t 1con
C = 59.18 + 0.98
2con
m fit range: 0.01 — 0.035
0 | 1 1
0 0.01 0.02 0.03
m
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0.8r

07
0.6
305
c
= 04
0.3
0.2

Nf=12 Hadron spectrum (LHC)

nuc

Mnuc=MO+C1 m

M0= 0.1540 = 0.0091
Cc,= 16.18 = 0.37

+Z/dof= 0.186

Xzsum=1.11

0.1 m fit range: 0.01 — 0.035
O0 0.61 0.62 0.63 0.64
m
M . linear fit and scPion
Higgs

0.87 MHIggS = MO + C1 m |

M = 0.1120 + 0.0051
07 0 .

C,= 12.13 £ 0.28
0.6r

Z/dof= 0.21

) 0.5¢
=04 1
0.3 ]
0.2 » i
x~ sum =1.23
0.1f ]
m fit range: 0.01 — 0.035
0O 0.01 0.02 0.03 0.04
m

M fit with M_ also displayed
pnuc nuc

0.8 pnuc IVIO teym

M = 0.141 + 0.013
07 0O

c,= 16.87 = 0.54
0.6+

x2/dof= 0.38
0.5
0.4r
0.3+
0.2 X2 sum = 2.28
0.1 m fit range: 0.01 - 0.035

0 L L L L
0 0.01 0.02 0.03 0.04
m
Rho meson linear fit

Mrho = MO +C, m
0.5t M0= 0.0849 = 0.0080

c,= 11.18 + 0.31
0.4

| »?/dof=2.16

X2 sum =13
m fit range: 0.01 — 0.035

0.02 0.03

m

0.01

33

0.04

M m=0.015 finite volume fit
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)
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Nf=12 running coupling

rrr -1 1r 1t 1 1 T ]
0.36 -
- |— fit V(R) =V + o/R + G*R -
0.34 -
0.32 —
i ’ <
0.3 — I
- - mo
o 0.28 SU(3) N_=12 fundamental _| S
S T 18°%96 B=2.2 m=0.01 |
0.26 - —~
i 1 o,
= '
0. 24 vV, = 0.3119(15) ] =
i o = -0.485(6) 1
0.22- G = 0.00253(8) H
0.2 x2/dof = 17.1/18 _
I | T T AN N NN TR NN TN AN TN NN S SN SN NN SUN SN SR N T ]
0.18 a A 3 in 12 14 1A 12 20 22 24
10 :
-—-— 2-loop univ. g i
8| — — — 3-loop SF ¥4
Yale group
Schrodinger functional
_ 6
gL

[ #Wﬁ s

. ]
Log[L/Lo] 35

from static force

0.02 48°x96 p=2.2 m=0.01

P 1 A RN NU I NRU R BT R R

0.04 SU(3) N_=12 fundamental

m --> 0 and a --> O limits ?

finite volume effects ?
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B/

—-0.06 _
-0.08 :
o
=0.12 -

-0.14
0

1.8

1.6

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

— — 3-loop
non—pert. fit

] 2n -7t 0 7T 27 3 47

running coupling and tunneling

Schrodinger Functional Nf=0 and N=2

| massless fermions
1 Alpha collaboration

| around g? ~ 2.5 the Ni=2 B-function breaks
1 away from perturbative form where 2-loop
{ and 3-loop still run closely together

] g2~ 2.5is the onset of tunneling

1 (most likely to a metastable local minimum)
1 running becomes non-perturbative in very \
. SeooT N

small box where Lmax < 0.4 fm
Why, and what is the underlying physics?

We need to understand femto physics better

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

—>» C1

57 67T

tunneling

vacuum lifted true vacuum

] Nf=16 weak coupling case study inside the

conformal window shows the dynamics
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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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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= 784015 o012k c,= 0.00831 x 0.00056 ]
B ) %
C,= —49.2+9.25 °|’ 0.011 c,= 7.7961 £ 0.15 .
323 64 fitted with :
B X Iitted wi = S 0.01F i
x*/dof= 3.07 | Cp= ~49293
m range: 0.003 - 0.014 3 0.009} c} ]
- Ed 5 ¢ - o) o) -
_-7 0.008 s
e | ;
-7 ] 0.007 +?/dof= 3.07 .
- e— - ]
_____ 0.006 [ m fit range: 0.003 - 0.014 .
-7 (1_mdm‘conn>‘<ww>
| | 0005 | | | | | | | |
0.005 0.01 0015 0 0.002 0.004 0.006 0.008 001 0012 0014 0.016
mq m

39

0.02



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
’ 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 40 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
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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

42



Outline

- Composite Higgs Mechanism at the LHC
lattice BSM goals in Theory Space
world-wide lattice BSM effort
lattice resources (GPU technology)

- Below the Conformal Window
lattice specific: cut-off, volume, fermion mass
RG flow and lattice continuum physics
BSM specific YPT
m=0 chiral limit and finite volume issues

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

- Outlook

from KMIIN conference discussions: new input into lattice projects?
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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
workshop discussions: new input into lattice projects?
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