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This talk is dedicated to Keisuke Jimmy Juge to win his
courageous fight at the Tsukuba University hospital

We also wish full and quick recovery to Yoichi lwasaki
from his serious injury

Keisuke Jimmy Juge

Lattice gauge theorist whom many of
you know

On sabbatical at KEK from the
University of the Pacific in California

Expert on hadron spectroscopy
including the 0++ scalar spectrum from
disconnected diagrams, so relevant to
this workshop




Talk is based on 4 publications, with an overview and discussion
of new developments since:
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Outline

Lattice BSM after the Higgs discovery

Near-conformal light Higgs?
light scalar (dilaton-like?) close to conformal window
EW precision and S-parameter
scale setting and spectroscopy

Running coupling
running (walking?) coupling from gradient flow

Chiral condensate
new stochastic method for spectral density
mode number
large anomalous dimension?

minimal composite Higgs?
near-conformal sextet rep

Early universe
EW phase transition
dark matter

early to worry about naming rights

Summary and Outlook



Large Hadron Collider - CERN

primary mission:
- Search for Higgs particle

- Origin of Electroweak symmetry breaking

A Higgs-like particle is found
Is it the Standard Model Higgs? or

Near-conformal strong dynamics!?
Composite PNGB-like Higgs!?
SUSY?

5 Dim!?

Primary focus of BSM
lattice effort and this talk .
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Rational for lattice BSM:

voices: a light Higgs-like scalar was found, consistent
with SM within errors, and composite states have not
been seen below | TeV. Strongly coupled BSM gauge
theories are Higgs-less with resonances below | TeV

facts: Compositeness has not been shown to be
incompatible with the light Higgs scalar; earlier
search for compositeness was based on naively
scaled up QCD and unacceptable old technicolor
guessing games. Resonances, out of first LHC run
reach, are in the 2-3 TeV range in the theory | will
discuss

lattice BSM plans: LHCI4 run will search for new
physics from compositeness and SUSY, and the lattice
BSM community is preparing quantitative lattice
based predictions to be ruled in or ruled out.

We better get this right !



Events / 2 GeV

Events-Fit

Events / 1.5 GeV

[

\s=7TeV.L=5.11"

\swB8ToV.Lus53' A

Rational for lattice BSM:

voices: a light Higgs-like scalar was found, consistent
with SM within errors, and composite states have not
been seen below | TeV. Strongly coupled BSM gauge
theories are Higgs-less with resonances below | TeV

from approximate scale invariance
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Events / 2 GeV

Events-Fit

Events / 1.5 GeV

Rational for lattice BSM:

voices: a light Higgs-like scalar was found, consistent
with SM within errors, and composite states have not
been seen below | TeV. Strongly coupled BSM gauge
theories are Higgs-less with resonances below | TeV

l

PNGB (little Higgs) scenario

resonances in 1-2 TeV range

I

observed Higgs-like at 125 GeV
EW self-energy

massless scalar pseudo-Goldstone

m,, [GeV]




near-conformal light Higgs (dilaton-like?) sextet rep
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near-conformal light Higgs (dilaton-like?) sextet rep

to illustrate: sextet SU(3) color rep

one massless fermion doublet {u}
d

xSB on A~TeV scale

three Goldstone pions
become longitudinal
components of weak bosons

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

conflicts with EW constraints?



near-conformal light Higgs (dilaton-like?) sextet rep
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near-conformal light Higgs (dilaton-like?) sextet rep

L 20 7
to apply QCD intuition to N; /!
near-conformal compositeness 18 /
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near-conformal light Higgs (dilaton-like?) sextet rep

A i| running coupling A ! XSB on A~TeV scale
al ol ncar-conformal |
| | |
I = |
| QCD-like . | walking coupling separates  walking gauge coupling?
'l far from conformal window | two scales?
i i ' _ fermion mass generation (effective EW int)
|
I [ |
E i | composite Higgs mechanism ?
|
1 [ |
E i : broken scale invariance (dilaton) ?
! | \ or light non-SM composite Higgs
: i target of lattice BSM?| particle?
! S ‘ ! >
A =N q 'Asye AL e’ 9 Early work using sextet rep:
N L ! Marciano (QCD paradigm, 1980)
1 xsB L
: o e Kogut,Shigemitsu,Sinclair
to illustrate: sextet SU(3) color rep N (quenched, 1984)
I | /
. I 1 7
one massless fermion doublet | 4 — > recent work:
o
I
d : XSB Sannino and collaborators
xSB on A~TeV scale !
three Goldstone pions : DeGrand,Shamir,Svetitsky
become Iongitudinal ! IRFP or walking gauge coupling
|
components of weak bosons | Lattice Higgs Collaboration
Kogut,Sinclair
composm-.j nggs mechanism when chiral symmetry breaking finite temperature
scale of Higgs condensate turns conformal FP into walking

~ F=250 GeV

conflicts with EW constraints?



near-conformal light Higgs (dilaton-like?) sextet rep

xSB on A~TeV scale

A . i A .
o i running coupling o i ncar-conformal |
| | |
i QCD-like i walking coupling separates  walking gauge coupling?
'l far from conformal window | g 9atg ping:
| | two scales? _ _ _ _
: : : fermion mass generation (effective EW int)
| [ |
E i | composite Higgs mechanism ?
|
| [ |
E i : broken scale invariance (dilaton) ?
! | \ or light non-SM composite Higgs
: i target of lattice BSM?| particle?
! S ‘ ! >
A =N q 'Asye AL e’ 9 Early work using sextet rep:
N L ! Marciano (QCD paradigm, 1980)
1 xsB
to illustrate: tet SU(3) col o e Kogut,Shigemitsu,Sinclair
o illustrate: sexte (3) color rep Ge i 0 7 (quenched, 1984)
e
. [
one massless fermion doublet {u . -;’ > recent work:
o
I
d : ZSB Sannino and collaborators
xSB on A~TeV scale !
three Goldstone pions : ﬁ:ga“dyslhk?m"’svetits'w ,
become longitudinal : or walking gauge coupiing
|
components of weak bosons | Lattice Higgs Collaboration
Kogut,Sinclair
composm-.j nggs mechanism when chiral symmetry breaking finite temperature
scale of Higgs condensate turns conformal FP into walking
~ F=250 GeV _
(1) xSB and confinement
conflicts with EW constraints? two expectations:

(2) light scalar close to CW (with walking) ?



near-conformal light Higgs (dilaton-like?) sextet rep

Partially Conserved Dilatation Current (PCDC)

g, = —F<0|[®“<0>] 0)

_ B@) 0 oy
0,0 =@ =~ —G;,G

Will gradient flow based technology make the argument less slippery?

Dilatation current

Bardeen et al., Ellis, Yamawaki, Miransky, Appelquist, ...

0" Wi (p) = 22 (pp" ~ g e "
010D (D)o (p)) = frmEe X

ﬁ(a/) [Ga Ga,uv] % — 9

[G)ﬁ]NP 4 NP f



near-conformal light Higgs (dilaton-like?) sextet rep

Partially Conserved Dilatation Current (PCDC)

ma - f2 <O|[®M(O)] 0 Will gradient flow based technology make the argument less slippery?

aﬂ@u = @’u 184(05) Ga Ga/,ty Dilatation current
a

Bardeen et al., Ellis, Yamawaki, Miransky, Appelquist, ...

0" Wi (p) = 22 (pp" ~ g e "
03, Do (p)) = fym?e™

ﬁ(a/) [Ga Ga,uv] % — 9

[G)ﬁ]NP 4 NP f

light composite scalar, but
how light is light ?

few hundred GeV Higgs impostor?

Foadi, Fransden, Sannino
open for spirited theory discussions

S )

oMz, ~ —12i%r7m —«217(600 GeV)>?

t ~S



near-conformal light Higgs (dilaton-like?) sextet rep

Partially Conserved Dilatation Current (PCDC)
m>

o f2 <O|[®'u(0)] 0 Will gradient flow based technology make the argument less slippery?
5,0 =@ = PV ga Gaw
H dar

Dilatation current

Bardeen et al., Ellis, Yamawaki, Miransky, Appelquist, ...

0" Wi (p) = 22 (pp" ~ g e " | | "
Triplet and singlet masses from 0" " correlators

<0|(9 D (xX)lo(p)) = fam2 i M =a,6 +b_ m (fitting functions) (=3.2 32%x 64
t/s t/s t/s
m 0.6f |
AN -2 —— |GG -7 @ F =0.0279 (4 ing the EWSB scal
Hlnp 4oy NP fa @ = 0. (4) setting the scale
é 051 M, /F ~1-3 range LaHC
D o4l _ |
light composite scalar, but © 041 Nf=2 sextet rep scalar
: TP =
how light is light “ 5 0** triplet state
few hundred GeV Higgs impostor? _c% 0.3 (connected) .
Foadi, Fransden, Sannino %_ 0.5 |
open for spirited theory discussions =
; 0.1 B=3.20 i
0™ singlet state 283x56, 323x64, 483x96
B _Q_ L aN g (disconnected) m fit range 0.003 - 0.008
% 0.005 0.01 0.015

fermion mass m

OMZ, ~ —12k2%m? ~ —x*r7(600 GeV)?



Higgs impostor of SCGT(perhaps dilaton-like)
or “just a light scalar on the lattice” ?

what is missing?



near-conformal light Higgs (dilaton-like?) sextet rep

Partially Conserved Dilatation Current (PCDC)

m” N f2 <O|[®’u(0)] 0 Will gradient flow based technology make the argument less slippery?
9.9 = @ — B(a) P Ga G Dilatation current
. = =
: dar Bardeen et al., Ellis, Yamawaki, Miransky, Appelquist, ...
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Triplet and singlet masses from 0" " correlators
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[%]Np 4o [G G ]NP f o F =0.0279 (4) setting the EWSB scale
(o)

0.5

M, /F ~ 1-3 range LaHC

light composite scalar, but 04r  Nf=2 sextet rep scalar

how light is light ?
few hundred GeV Higgs impostor?

0" triplet state
(connected) .

Foadi, Fransden, Sannino
open for spirited theory discussions

t . o B=3.20 -
0" singlet state 283x56, 323x64, 483x96
N _Q_ o N % . . % N (disconnected) m fit range 0.003 - 0.008
0 0.005 0.01 0.015
fermion mass m

triplet and singlet masses

OMZ, ~ —12x*rim?

2 ~ 12r2(600 GeV)?



our new code (sextet Janos) is highly optimized impressive Borsanyi/Wong effort
in production now to answer questions in second generation run set:

We are in a second generation run set
B=3.15, 3.20, 3.25, 3.30 gauge couplings
48x963, 40x803, 32x643 volumes

3 fermion masses in each run

this is expensive



our new code (sextet Janos) is highly optimized impressive Borsanyi/Wong effort
in production now to answer questions in second generation run set:

1. Test of chiral perturbation theory below the scale of low mass scalar?

how to test if light scalar is dilaton-like close to CW?
both require new low energy effective action like Matsuzaki/Yamawaki proposal?

18 there an t_/f_ crisis?

2. Needs precise scale setting and resonance spectrum
S and T parameters of Electroweak precision tests

large volumes F - L~ 1, or larger! We are in a second generation run set

slow topolo
POIOJY B=3.15, 3.20, 3.25, 3.30 gauge couplings

. . . 48x963, 40x803, 32x642 volumes
3. Running (walking?) coupling

volume-dependent running coupling 3 fermion masses in each run
scale-dependent L= oo coupling in chiral limit

this is expensive

4. Consistent chiral condensate
GMOR relation is still not quite consistent

new method for spectral density and mode number
anomalous dimension of chiral condensate



E (from F2)

4.3

4.2

41

time history of E (from F2)

x 10"
p=3.20 m=0.003 on gradient flow
=20, dt=0.05
48°x96 sample size: 429 cfgs
0 5(I)O 1 OIOO 1 5IOO 2OIOO 2500
MD time
10" time history of E (from F?)
I on gradient flow |
- p=3.25 m=0.002 .
- t=20, dt=0.05 .
- 48°x96 sample size: 93 cfgs T
0 1 (I)O 2(I)0 3(I)O 4(I)0 5(I)0 6(I)O 700
MD time

11

$=3.20 m=0.003

time history of Q topological charge

on gradient flow

1o t=20, dt=0.05 1
48°x96 sample size: 429 cfgs
9 -
)
2
T 8 L 8
(&)
©
QL 7 .
(@)
O
(@)
g © 1
@)
5 —
4 |
8 5(I)0 1 OIOO 1 5I00 20I00 2500
MD time
time history of Q topological charge
5.5 T T T T T T
on gradient flow
o
D 5¢ .
2 | N
(@)
®©
Q
(@)}
o
o
o
2,5l |
O 4.5
40 1 (I)O 2(I)0 3(I)O 4(I)0 5(I)0 6(I)O 700

MD time



Spectroscopy and scale setting sextet N=2

sextet model Goldstone pion in PCAC channel sextet model Fn from PCAC channel

M and M

0.07 : : . 0.08 . . . . .
Goldstone mode of i fit p=3.2
uadratic fit p=3.2 i i Inear it p=o. .
oosf | P composite Higgs | 007} setting the EW scale -
MZ=c m +c,m’ L’ F =c,+c,m F =co fitted
0.05] L . 0081 ¢, = 0.0279 = 0.0004 I
c. = 6.35=0.21 -
1 ’ C, = 3.1 0.1
S0t c,= —30.9x 453 2 0.05- -
i - o - 2
F /dof = 0.923 "
" Xz/dof =2.05 e X o fltteo_l
L 0.04 not fitted -
0.03F o fitted | linear fit
not fitted
%SB — — —linear part only 0.03 5
0.02} quadraticfit | | 250 GeV scale
0.02 i
001 B . 3 3 7
inputs from volumes 32°x 64 and 48"x 96 0.01} inputs from volumes 32°x 64 and 48°x 96 -
m fit range: 0.003 - 0.006 _ _
0 | | | | | m fit range: 0.003 - 0.006
0 0.002 0.004 0.006 0.008 0.01 0.012 0 ' : : : :
m 0 0.002 0.004 O.(I?T(?'G 0.008 0.01 0.012
sextet model A1 and Rho mesons split  linear chiral fit
M, =M +c m p=3.2 A1/F ~9.5
0.6 M0= 0.264 + 0.01 .
c,= 3062 Ma1~ 2.37 TeV
0.5 , i
x“/dof= 1.1 LHC147?
<
0.4 i
<03 o m | ] -Nf=2 SU(3) sextet Mao, Mp, and Ma
A1 fit
o Rho
Rho fit
0.2 H 13 . b}
- three lowest states above light scalar “Higgs state
oil input from volumes 24°x 48, 32°« 64, 48°x 96
m fit range: 0.003 - 0.010
0

0 0.002 0.004 0.006 0.008 0.01 0.012 | 3
m



Spectroscopy and scale setting (scalar) Ni=12

test of technology:

Lowest non-singlet scalar from connected correlator

107 «10° N=12  Lowest O++ scalar state from singlet correlator
I T I I

3 T
I I I I. I q?
Chron-singlet(t): @ LatMI published ; Csinglet(t) ~ exp(-Mo++-t) fitting function:
25 LaHC USQCD white paper] m
°r aMnon-singIet = 0-420(2)
i aMo++=0.304(18)
1.5 P=2.2 am=0.025 _ _ _
243x48 lattice simulation
1+ N&=12 % 200 gauge configs
B=2.2 am=0.025
0.5f
0_
-0.5
. t
6 8 10 12 14 16 18 20 22 24 26 0 5 10 15 20 25

C(t) = Z [Ame‘m’“(FS‘X’FT)t + (—1)tBne‘mn(7475FS®7475FT)‘3} staggered correlator

n

similar analysis in sextet model with Nf=2



Spectroscopy (scalar) sextet rep Nf=2

Triplet and singlet masses from 0" correlators

_ Ll . '_ 3
Mt =+ bt/S m (fitting functions) (=3.2 32°x 64

0.6 ]
8 F =0.0279 (4) setting the EWSB scale
n
é’ 051 M, /F ~1-3 range L .HC |
2,04 Nf=2 sextet scalar .
-
» 0™ triplet state
'8 0.3 (connected) -
@
©
S 0.2 ]

o 083x56, 323x64, 483x96 |

++ XO0, X04, X
s e m fit range 0.003 - 0.008
% 0.005 0.01 0.015

fermion mass m



Q topological charge

_alu I
0 500

slowly changing topology complicates the analysis:

time history of Q topological charge

32x64

sample size: 924 cf

| | | | | | | |
1000 1500 2000 2500 3000 3500 4000 4500 5000
MD time

challenging to deal with it

Q topological charge

time history of Q topological charge

time history of Q topological charge

N

25

effect on scalar spectrum is hardly detectable

slow topology can be synthesized by stochastic algorithms
but its practical utilization is unclear

slowly changing topology perhaps can be accelerated in
open segments of very long lattices in time direction?

- 32x64  sample size: 820 cfgs 2- 32x64  sample size: 786 cfgs
15 t=10, dt=0.05 J 15 t=10, dt=0.05
- p=3.2 m=0.006 N S 1l p=3.2 m=0.004
2
(&
T g
Q
L S ol —
o
. 3 | HJ u ‘ A “ ‘ Mm A
o] -0.5 ‘
7 ' ‘ Hl_l H “ ‘
6 5(;0 1(;00 15‘00 2(;00 25‘00 30‘00 35‘00 40‘00 4 2 6 5(;0 1(;00 15‘00 2(;00 25‘00 30‘00 35‘00 40‘00 4500
MD time MD time
0.25 | . |
L°xT=32"x64,
p=3.20,
0.2} m=0.006 -
I
|
0.15- e A
A |
£ | J
© F————"EC ool ———
01lF———-— - I =
e ——— I
_I
0.05F —
0 | | |
0 800 1600 2400 3200

or take the bullet and analyze at fixed topology

Trajectory Numbers



Spectroscopy for LHC14 run sextet N=2

A TeV not ruled out from first LHC run
A ~24TeV within reach of LHC14 run
Rho ~ 1.7 TeV
Ao ~15TeV LatHC is working on second
generation precision

scalar impostor few hundred GeV?

% EW self-energy t % }f&
observed Higgs-like? Q -

OMZ, ~ —12k2%m? ~ —x*r7(600 GeV)?>




light composite Higgs and EVV constraints

Decay Mode ~ ATLAS CMS Tevatron From Higgs potential and Top coupling:
H — bb 02*07 115062 1.59*09)

H— 17 0.7+07 1.10+£0.41 1.68*+2%8 Mu > 130 GeV absolute stable vacuum
H — yy 1.55 fg:gg 0.77 £0.27 5.97 fg?g 7 below Mpianck

H—WW*  099+03L  0.68+020 094*9%% ; = o - Br/(ogu - Braw)

observed Higgs -> Metastable vacuum?

H— 77 1434040 0.92+0.28

Combined 1.23+0.18 0.80=x0.14 1'44J—r8§2 u = 096 +0.11

u: Goldstone

2 2 F ,
L = %(uﬂuﬂ ) (1 + —wSl) + —A<A,wfﬁ‘ ) effective theory of strongly _
; v . 2V2 coupled composite Higgs S: scalar (Higgs)
4 v Ly [y scenario
+2\/§<V,UV + >+ 2\/§<V,UV[M s U ]> f: gauge field
\/_ SA Ny @ ~ 1
+V24770,51(A uy ) A: axial resonances
V: vector resonance
RN vooT FTNV V. oo v
"V AN— AV AN —Y (
NLO S-param

e oo o o e  on S = 0032010

global fits

- : o - v 8 /A__ NLO T-param
S& @ S{D @ T =0.05+0.12




light composite Higgs and EVV constraints

Pich, Rosell, Sanz-Cillero

04 r- o

00

-04 -0.2

FIG. 2. NLO determinations of S and T, imposing the two
WSRs. The approximately vertical curves correspond to con-
stant values of My, from 1.5 to 6.0 TeV at intervals of 0.5 TeV.
The approximately horizontal curves have constant values of
w: 0.00, 0.25,0.50,0.75,1.00. The arrows indicate the direc-
tions of growing My and w. The ellipses give the experimen-
tally allowed regions at 68% (orange), 95% (green) and 99%
(blue) CL.

16 “d
S———i—f‘lumo—mmw]

- g*tanfy J o t

F2 F?
510 = 4n{ 12 15)

2 2
MV MA

4 ©
T - T j;£UMG—mmW]

g'? cos® Oy

From two Weinberg sum rules and from NLO loop
expansion:

My, Ma ~ 2 TeV or higher is compatible with
S, T constraints (it is tight and arguably ambiguous)

more work needed

related body of work by Sannino and collaborators



light composite Higgs and EVV constraints

Pich, Rosell, Sanz-Cillero

04

0.2

-

16 “d
— f—hmm—mmm]

g*tanOy J o 1
F?  F?
Sm:MG%“%)
MV MA

minimal composite Higgs in sextet rep is not
ruled out (resonance spectrum in 2 TeV range)

FIG. 2. NLO determinations of S and T, imposing the two
WSRs. The approximately vertical curves correspond to con-
stant values of My, from 1.5 to 6.0 TeV at intervals of 0.5 TeV.
The approximately horizontal curves have constant values of
w: 0.00, 0.25,0.50,0.75,1.00. The arrows indicate the direc-
tions of growing My and w. The ellipses give the experimen-
tally allowed regions at 68% (orange), 95% (green) and 99%
(blue) CL.

related body of work by Sannino and collaborators



running coupling and beta function from gradient flow sextet rep
m | | 0.8 ] S O R
‘.\ —— DeGrand . .20
005 | ® =05 — Shamir o f;=05
\ A A linear extrap ) — — oneloop
\ v qudesrap Svetitsky 06 2
v e one loop
\ ; —— two loops - i /
\ | - L] .
zg 0_ \QV\\ ; _ Vo, 04 /Eli ¢ —
i A \\\ §E % : i i,i/ .
\ﬁ\ \\\\\\\\ +~ ——+___: 02— /// _
OO 7 )/
| | L. | 0 / [ IR IR N N N NN N BN B
0 0.1 0.2 03 0.4 05 0O I 2 3 4 5 6 7 8 9 10 Il I2
u=1/g2 2

authors: We cannot confirm the
existence of an infrared fixed point

In authors’ final analysis anomalous dimension
remains ~ 0.4 at large renormalized couplings

LHC group has the gradient flow beta function (no zero) and the anomalous dimension
growing far above 0.4 (from Dirac spectrum) - incomplete analysis
consistent with chiral SB



running coupling and beta function from gradient flow sextet rep

L-dependent running coupling definition from gauge field gradient flow
3

E(t)) = 14+ £ = ——, k1 =1.0978 4+ 0.0075 x N
(B(1) = gpe@{1+ha() + 0@}, 0= —=. h - f
. . dm (PE(1))
_ 1/2 ' L) =
while holding ¢ = (8t)"/“/L fixed:  ac(L) 3 1+ 0(c)
4,2
4 -1 2 C T
d(c) = 5(e /C)_l_T
" geprtonm Wi o gradient flow coupling with SF boundary conditions
gradient flow on gauge field . 7 [ L L L L LI AL L B
“» '[ Nf=4 fundamental rep (LatHC) L ew(u;e) | Nf=2 L~ 0.4 fm SU(3) E
’:Eo'e 0 | Fritzsch talk at lattice 2013 i N
“o | beta-function has non- - § .
~°% universal but calculable i ¢ ¢ ]
2 | correction . ® .
Doat 5 - § —
Ne=4 ¢=0.3 - s ° ]
L=12-36 s ® 1
. o [ T Y N T (NN TR TR T S NN SO TN TN WA NN MY N MANT A
% o0s 1 15 2 Zmz_s s 85 4 a5 0.3 0.35 0.4 0.45 0.5
massless fermions; antiperiodic all directions C

s=1.5 step N=4 staggered fermions; 4-stout; L=12-36 beta-function has conventional
we have results for Nf=8,12 and Nf=2 sextet loop expansion



scale-dependent running coupling from gauge field gradient flow

g°(t.m>)

e scale—dependent running coupling scale—dependent { —function
. T T T T T T T T 10 T T T T T T T T T
| 6/g2=3.20 32°%64 . I of- fixed m and a
o %0 fixed m and a | 2 3 |
| | 6/g2=3.20 32°x64
o5F g2(t) = 1672/3 P<E(t)>
| L B (1) = — 2- t dg3(t)/c
of b : 0.003-0.006 Il | - I
are mass range 6F bare mass range: 0.003-0.006
ik Il
I il |||||||||| e | il
8.5 il |||||||||| = 5 ! |
mw” ||||||||||| « N ] HHHHHHH
0 (L A i il
| il 4 | Il
T | e " !
H‘HH 1L
HHHHH il sk . i I ‘ || |||||||“|||“|”|
75k IIIIIIII|||||I|| IIIIIIIIIIII||||I | HH‘HH |||||
I ! '::::: .......... e 20 a
7_“I .......... n 1L IIIII“II:::::::::::: IIIIIIIIIIIIIIII
6.5 L I I I ! I ! I 0 ;:::::::::::::: ..... | ! ! ! ! ! I !
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9



1L o) =—a(ura ' [B, + By e

du
freeze-out from N¢=3 to N¢=2 inside conformal window P OZ%CA_%TF;%(X)’ x:%
mass-dependent beta-function of sextet model b ()= 1 x4 2% V4 4at]
MOM scheme : Vi+dx VI+4x-1
B0 =1 Ci=CC,+ 2 C T, T (x)
- position of IRFP inside CW not tunable with m 045577 x40 26005 !
- plateau length tunable, its position is not (in or out ) bl(x):x2+2_1742x+0.26995

10 5
sextet parameters: C, = 3; C, = ?; T, = 5

1.2

1

freeze-out ~ over 4 orders of magnitude

0.9

0.8 Nf - 2 IRFP
o O (L)

0.6

0.5 ]
2 2

freeze-out for set m” = u, value

04f -

0.3

0.2f

N, =3 IRFP
~_

|
0 | | | | |
3 4 -3000 -2500 -2000 -1500 -1000 -500 0 500 1000

0.1




scale-dependent running coupling from gauge field gradient flow

°)

g?(t,m

mg —> 0 limit of gz(t,mé) at selected t values
10.5 T T T T T T T
6/g° =3.20 32°x64 :
%o fixed a and m=0
10
selected t range: 1.5 - 9.0
9.5

m=0.003/4/5/6 fitted masses

7E

-B (t,m?)

mg —> 0 limit of § —function at selected t values

(o]
T

6/g> =3.20 32°x64

trange: 1.5 -9.0

m=0.003/4/5/6 fitted masses

fixed a and m=0




scale-dependent running coupling from gauge field gradient flow

continuum limit of gz(s- to) as a function of the scale s continuum limit of gz(s- to) as a function of the scale s
8 T T T T T T 8 T T T T T T
Ll 6/g> = 3.20/3.25/3.30 32°x64 . g 6/g- = 3.20/3.25/3.30 32°x64
7.6F a® —> 0 limit from three gauge couplings § 7.6 a® —> 0 limit from three gauge couplings
- scale factors s: 0.8, 1, 1.2 fors- t0 ] _ scale factors s: 0.8, 1, 1.2 fors- t0

22l m=0 and a=0 ] 7:\*#\ m=0 and a=0
f\é\}j\\@ 1= ! )\J\@ .

A I T a
6.8 = 6.8+

g°(st)
g°(st)

6.6 N 6.6
6l s=1 is matched at gz(to) =6.916 (blue) | 6.4l s=1is matched at gz(to) = 7.0 (blue)
6.2 s=1.2 red; s=0.8 magenta . 6.2 s=1.2red; s=0.8 magenta
6 | | | | | | 6 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6

a2/, a2/,



The chiral (Higgs) condensate

e New stochastic method

* Direct determination of full spectral density and mode number
distribution on gauge configurations

* To remove UV divergences at finite fermion mass
* To investigate internal (in)consistencies with GMOR relation

e To determine anomalous dimension of the chiral condensate



The chiral condensate in the sextet theory

chiral condensate and its subtracted form subtracted chiral condensate
0.025 ,
0.07 p=3.20 !
— / —
(P) = co+c1-m //<ww>:co—i—cl.m
0.06 /
¢,= 0.01037 = 0.00030 0.02} /- Gg= 0.01037=0.00030
/' ¢,= 7.278 + 0.048
0.05; ¢ = 7.278x0.048 5 ro
> ! 2
. ! x“/dof=1.47
2 /
g 0.04 x“/dof=1.47 g / »
R | 0.015f K ¥ /dof= 3.63
- /
0.03f = K
~ /
0.02f 0.01 [1 _mvdimv]“hbh?q‘m _m: do+dy-m? |
0.01 d,= 0.00982 = 0.00010
' (Y1) — Xeon = do+ da-m? d,= 209.95 + 5.95
m range in fit: 0.003 — 0.008
0 | | | | 0005 | | | |
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
m m

control on UV divergences: = mode number density of chiral condensate

1 o 3 .
p(A,m) = v § (SN = Ap)) ;Lr% Tim Vh—I>I<1>o p(A,m) = — spectral density
k=1
A
v(M,m) = v/ dA p(\, m), A=+/M2—m2 mode number density
—A

vr(Mg,mr) =v(M,mq) renormalized and RG invariant  (Giusti and Luscher)



Nf=2 sextet $=3.20

0.025

0.02-

0.015

0.01

0.005

fit

independent M2, F, fits

4 6 8
fermion mass m

The chiral condensate in the sextet theory

Vol=48°x 96 p=3.20

m=0.003 Neig=300

0.02 T T T ]
_ 2
00181 2 p(m,A) = ¢ +c A +Ch” N =2 condensate
0.016 > =0.0100 = 0.0004 -
0.014} X2/dof =0.89 ]
==00
0.012+ T T B I I W
. T J_% 1
condensate - —I—% T I
__P 1
0.01 1 L
subtractedl o e En i
0.008 -
0.006 -
0.004 -
0.002 -
0 |
-0.5 0 0.5 1 1.5 25 3 35
}\, x 107



The chiral condensate in the sextet theory

Nf=2 sextet p=3.20 Vol=48°x 96 B=3.20 m=0.003 Neig=300
0.025 T 0.02 T T T T T T T T
0.018} 21 p(M,A) =C, +C A+ 027\2 N, =2 condensate
002k MZ2FZ2/m 0.016 2 =0.0100 + 0.0004 :
0.014} X2/dof =0.89
=<
0.015} ~ 0.012f 7L
é condensate — -
QL = g i
(l\:l o1 subtracted By 1 i
0.01} Il o0.008F
W
fit 0.006 -
0.005 |- independent MTQF, F_fits . 0.004 |-
0.002}-
O | | | | | | O |
-2 0 2 4 6 8 10 12 -0.5 0 05 1 15 > 25 3 35

fermion mass m x107° A x107°
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250
;“ 200
150

100
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50

The chiral condensate

Nf=2 sextet mode number distribution v(M,n) and condensate Zeﬁ

Vol=48°x 96 p=3.20 m=0.003 |
Deff (M) — _T v(Mz,m)—v(M;,m) |

300 eigenvalues

(two flavors) -

S_ (A =0.003) = 0.01242 = 0.00022

25 3 3.5 4 4.5
eigenvalue scale M x107°
Doff 2
=1+ v 2N7|A|arctan

in the sextet theory

Nf=2 sextet $=3.20 A=0.003

0.024 T T T T
0.022 - Z off -
0.02F c& —
48 x 243 % ¢
0.018f 3 1
56 x 28
0016 64 x 32° d ﬁl{) |
96 x 48°
0.014 |
&
0.012F _
001 1 1 1 1 1 1
2 3 4 5 6 7 8

fermion mass m

A%+ m?
u?

A
Al _ 47|A| — Nimlog
m

A
—4mlogu
u

x 10~

[N



The chiral condensate in the sextet theory

Nf=2 sextet f=3.20 A=0.003 Nf=2 sextet f=3.20 A=0.003
0.02 0.02 2 eff
0.015F 0.015F
linear fit
0.01F 0.01F
chiral perturbation theory
0.005 ¢  GMOR fit 4 0.005
0 | | | | | o | | | | |
—2 0 2 4 6 8 10 —2 0 2 4 6 8 10

fermion mass m x107° fermion mass m x 107



The chiral condensate in the sextet theory

3.5

N
o

n-p(A) spectral density

0.5

new stochastic method sextet Nf=2 code by Ricky Wong

direct determination of full spectral density and mode number
distribution on gauge configurations

mp(A) spectral density of full spectrum

N
I

—_
(&)}
I

—_
I

$=3.20 m=0.003

- 63,700,9992 eigenvalues in DD

. 48°x 96

!
0 0.5

| |
1 15
A eigenvalue scale

2.5

1 ¢ Passed all tests so far

e example is from 483x96 lattices

1 * allows the scale-dependent

determination of the anomalous
dimension of the chiral condensate



300

250

m, M)

— 200

150

Mode number v

50

The chiral condensate in the sextet theory

Mode number distribution v(m,M) and condensate Z

Vol=48’x 96 B=3.20 m=0.003

6 configuration (sextet)

300 eigenvalues

v(im,M) = C,*C, M fit

Eeff — 2%\;(1)1(1 L m2/M2)1/2

Zeff(M=0.0045/a) =0.0140 = 0.0001

3 3.5 4 4.5 5
eigenvalue scale M

* new stochastic method sextet Nf=2

e comparison with direct calculation
of mode number distribution from
eigenvalue spectrum

* stringent test

* details in forthcoming publication



(m,M)

Mode number v

The chiral condensate in the sextet theory

Mode number distribution v(m,M) and condensate Zeﬁ

300 3 | * new stochastic method sextet Nf=2
Vol=48"x 96 p=3.20 m=0.003

e comparison with direct calculation
of mode number distribution from
eigenvalue spectrum

6 configuration (sextet)
250

300 eigenvalues

200

* stringent test

150 e details in forthcoming publication

v(im,M) = C, +C, M fit -
Ve = = (1—m2/M )1/2

2Vol

50

Zeﬁ(M=0.0045/a) =0.0140 = 0.0001

3 3.5 4 4.5 5 55
eigenvalue scale M x 107




A)

2 =2ap(mMm

The chiral condensate in the sextet theory

new stochastic method sextet rep Nf=2

comparison with direct determination of spectral density from
eigenvalue spectrum

0.02

Vol=48°x 96 p=3.20 m=0.003 Neig=300

ol 2np(m)) = Cy+C A+ A% N =2 condensate | *EW stochastic method sextet Nf=2
0.016¢ 2 =0.0100 = 0.0004 1® comparison with direct determination of
0.014] »2idof = 0.89 e spectral density from eigenvalue spectrum
=FT
0.012} Bn + I%%I 1 ;
condensate T T %%% ® St”ngent test

001l 3 o) ==ease % R EE"

| subtracted - Eaiapge
0.008 -
0.006 -
0.004
0.002 -

O |

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

x 10



The chiral condensate in the sextet theory

0.02

0.018

0.016

0.008 -

0.006 |-

0.004 |-

0.002 |-

new stochastic method sextet rep Nf=2

comparison with direct determination of spectral density from

eigenvalue spectrum

Vol=48°x 96 B=3.20 m=0.003 Neig=300

21 p(m,A) = C,

2 =0.0100 = 0.0004

v?/dof = 0.89

+ 017» + 027»2 Nf = 2 condensate

2.5

x 10~

3.5

_I enew stochastic method sextet Nf=2

1 * comparison with direct determination of

spectral density from eigenvalue spectrum

e stringent test



Early universe

Kogut-Sinclair work consistent with xSB phase transition

Relevance in early cosmology (order of the phase transition?)

3 : 3 :
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Early universe

Dark matter

self-interacting?
O(barn) cross section would be challenging

The Total Energy of the Universe:

Vacuum Energy (Dark Energy) ~ 67 %
Dark Matter ~ 29 %
Visible Baryonic Matter ~ 4%

T. Appelquist, R. C. Brower, M. |. Buchoff, M. Cheng, S. D. Cohen G. T. Fleming, J. Kiskis, M. F. Lin, E. T. Neil, J. C. Osborn, C. Rebbi, D. Schaich, C. Schroeder S. Syritsyn, G. Voronov, P.
Vranas, and J. Wasem (Lattice Strong Dynamics (LSD) Collaboration)
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TR Dark matter- |lattice BSM phenomenology of dark matter
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N v e N flavor as electroweak singlet

* rather subtle sextet baryon
construction (symmetric in color)
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Summary and Outlook

Simplest composite scalar is light near conformality

light scalar (dilaton-like?) emerging close to conformal window?

running (walking) coupling in progress difficult, Gradient Flow is huge improvement

chiral condensate new method is very promising
spectroscopy emerging resonance spectrum ~ 2 TeV
dark matter Implications are intriguing

strong self-interactions?
Tuning with third flavor ?

We have a candidate for minimal Higgs impostor to make it fail !
Our job is not to oversell, but do everything we can to kill the model !

If we fail to kill, the model will speak for itself
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0> O limit at selected t values
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6/g>=3.20 32°x64
polynomial fit of degree 4
t range 1.5 - 9 fitted

C < 0.265 in fitted range
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cutoff removal requires several gauge couplings
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