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Strongly coupled BSM gauge theories are Higgs-less
with resonances below | TeV

A light Higgs-like scalar was found, consistent with
SM within errors, and composite states have not
been seen below | TeV.
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spoiler alert:
earlier search for compositeness was based on naively scaled up QCD and
unacceptable old technicolor guessing games.
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A light Higgs-like scalar was found, consistent with
SM within errors, and composite states have not
been seen below | TeV.

spoiler alert:
earlier search for compositeness was based on naively scaled up QCD and
unacceptable old technicolor guessing games.

In near-conformal theories a light scalar seems to emerge with resonances in the
2-3 TeV range with tantalizing and unexplained scale separation (what tuning?)
Intriguing example: 2-index symmetric rep with two fermions



What is our composite Higgs terminology?

s TeV PNGB (little Higgs) scenario

resonances in 2-3 TeV range

frequently used terminology for the
“other” composite Higgs

start from massless rather than 1.5 TeV

observed Higgs-like at 125 GeV
% EW self-energy

massless scalar pseudo-Goldstone




What is our composite Higgs terminology?

s TeV

from approximate scale invariance

resonances 2-3 TeV

y

EW self-energy

scalar composite at ~ 300 GeV?

Oy B gk

SM2, ~ —12k2%m? ~ —x*r7(600 GeV)?

observed Higgs-like

Sannino, Foadi, Fransden, Tuominen, ...




What is our composite Higgs terminology?

2 TeV from approximate scale invariance

resonances 2-3 TeV

SCGT composite Higgs in this talk
we start from a light scalar - but how light is light?
both paradigms defer mass generation issues talks at SCGT15

@ scalar composite at ~ 300 GeV?

EW self-energy Q _%_ é&

observed Higgs-like

SM2, ~ —12k%?m? ~ —x*r7(600 GeV)?

Sannino, Foadi, Fransden, Tuominen, ...




What is our composite Higgs terminology?

the Higgs doublet field
H—L T2 + 170 L( +i?-7) =M
B . y . T (i
DM=JdM-igWM+igMB,, with W”:W”f' B”:B“E
, .. spontaneous symmetry breaking
The Higgs Lagrangian is Higgs mechanism
_ 1 t My t A e
L = STe[DMD'M| - —FTr [MM| - 2 Tr [M'M]
strongly coupled gauge theory
1 o fermions (Q) in gauge group reps

needle in the haystack?
or, just one of the haystacks?
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SU(2) doublet | d(-¢/2) | Wong talk

3 Goldstones morph into weak bosons
minimal realization

QCD intuition for near-conformal
compositeness is just plain wrong

Technicolor thought to be scaled up QCD
theme of the talk:

composite Higgs-like scalar close to the
conformal window?



Outline

Near-conformal SCGT?

light scalar close to conformal window? the D-word
navigating mine fields of p, €, and d regimes in chiPT
scale setting and spectroscopy

mixed action strategy the R-word

Chiral Higgs condensate

e new stochastic method for spectral density
e GMOR and mode number

e epsilon regime and RMT

® |arge mass anomalous dimension?

Running coupling
e scale dependent running coupling
* matching with mass anomalous dimension?

Early universe
e sextet EW phase transition
e sextet baryon and dark matter wongtai

Summary and Outlook

SCGT Theory Space © Sannino
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nf=2 sextet rep u(+e/2 | minimal EW
massless fermions embedding
d(-e/2)

SU(2) doublet Wong talk

3 Goldstones morph into weak bosons
minimal realization

QCD intuition for near-conformal
compositeness is just plain wrong

Technicolor thought to be scaled up QCD
theme of the talk:

composite Higgs-like scalar close to the
conformal window?



The light 0++ scalar QCD (aka old TC) 80ies,90ies

the failure of old Higgs-less technicolor:
0% scalar in QCD  (bad Higgs impostor)

/55 = (400 - 1200) - i (250 - 500) MeV  estimate in Particle Data Book

-1 phase shift in 0** "Higgs” channel

Roy solutions with 78.3°< 88(3 A) < 92.3°

200 — Bugg 2006

— Achasov & Kiselev 2007
- — Kaminski, Pelaez & Yndurain 2008

Albaladejo & Oller 2008

150 —

100

50
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GeV

Leutwyler:

416 . Aem 49
Vo =44l g —i272_155MeV isharsion theory combined with ChiPT



The light 0++ scalar

the failure of old Higgs-less technicolor:
0** scalar in QCD

/S = (400 - 1200) - i (250 - 500) MeV

-1 phase shift in 0** "Higgs” channel

Roy solutions with 78.3°< 88(3 A) < 92.3°

200 — Bugg 2006

150 —

100

50

— Achasov & Kiselev 2007
- — Kaminski, Pelaez & Yndurain 2008

Albaladejo & Oller 2008

QCD (aka old TC) 80ies,90ies

(bad Higgs impostor)

estimate in Particle Data Book

broad Mg ~ 1.5 TeV in old technicolor, based
on scaled up QCD, hence the tag “Higgs-less”

This is expected to be different in near-
conformal strongly coupled gauge theories

0.3

0.4 0.5 0.6 0.7 0.8 0.9

GeV

Vo =441 — 127217, s MeV

Leutwyler:
dispersion theory combined with ChiPT




The light O++ scalar SCGT 2013-2015

test of scalar technology:

Lowest non-singlet scalar from connected correlator c10° N=12 Lowest 0++ scalar state from singlet correlator

9 ? T

x 107
T

Cnon-singlet(t): @
25

i aMnon-singlet = 0.420(2)

LatKMI and LatHC Csinglet(t) ~ exp(-Mo-+-t) fitting function:

fundamental rep

¢ aMo++=0.304(18)

15+ B=2.2 am=0.025 : , :
243x48 lattice simulation

1+ NF=12 % 200 gauge configs
3 -

B=2.2 am=0.025

0.5
2 -
or 1L
-0.5 or
. t
6 8 10 12 14 16 18 20 22 24 26 _10 5 10 15 20 25

C(t) = Z (A eIt 4 (_1)iB, e me(msls®unlT)t]  gtaggered correlator

n

new results in Nf=2 sextet model (this talk) and Ni=4/8/12 models (L.:KMI talks, A. Hasenfratz talk)



The |ight O++ scalar sextet model L,;HC

near-conformal resonance spectrum separated
from light scalar

3 TeV a

. moving up to 2-3 TeV with refined scale setting
rno

ao

within reach of LHC Run 2 ?

1TeV

light scalar at few hundred GeV?

? % EW self-energy shift — % %
observed Higgs-like? T @* Y v I

OM?, ~ —12k22m? ~  —K*17(600 GeV)?

Triplet and singlet masses from 0'" correlators

06r From the composite Higgs mechanism: 7
3 Goldstone decay constant F is setting the EWSB scale
1))
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g
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fermion mass m



The |ight O++ scalar sextet model L,;HC

near-conformal resonance spectrum separated

p=3.20 (with PCA analysis) 48°x96 m=0.002 ) . from light scalar
025 T T T T T T T 3Te\/— a1
— X2 —0.019 Q=1 LatHC - o moving up to 2-3 TeV with refined scale setting
2r a ao o
E number of blocks = 16 block size = 4 within reach of LHC Run 2?2
O
| 0T8T eigenvalue threshold of PCA = 0.004 I
= o1l error threshold of PCA = 2 | 176V
© r 1t [ T T —— light scalar at few hundred GeV?
§ 0.05} % % ‘ ’ " | T 1 { % EW self-energy shift — % %
S _ I observed Higgs-like? B @7 -
o of fitted range =5 - 10 -
B M, _=0.0548 = 0.0175 oM}y ~ —12irm} ~ k(600 GeV)y?
o Higgs
= -005 - .
Triplet and singlet masses from 0" correlators
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t
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The light 0++ scalar

sextet model L,;HC

near-conformal resonance spectrum separated
from light scalar

a; moving up to 2-3 TeV with refined scale setting
rno

ao

within reach of LHC Run 2 ?

—=— light scalar at few hundred GeV?
{ % EW self-energy shift \ / éﬁ% %

observed Higgs-like?

OM?, ~ —12k22m? ~  —K*17(600 GeV)?

Triplet and singlet masses from 0'" correlators

p=3.20 (with PCA analysis) 48°x96 m=0.002 0
025 T T T T T T T 3TeV
_ %2 =0.019 Q=1 L.cHC
R ]
= number of blocks = 16 block size = 4
a
| OTor eigenvalue threshold of PCA = 0.004 i
‘E’ ol error threshold of PCA = 2 ] 1Tev
= 11T
B o0osl % % G0 - ]
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Q of fitted range =5 - 10 _
S M. =0.0548 +0.0175
@ Higgs
= -005f -
o
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effective mass of D(t) — D(T/2)

B=3.20 (with PCA analysis) 40°x80 m=0.002

o
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Goldstone decay constant F is setting the EWSB scale

From the composite Higgs mechanism: 1
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The light 0++ scalar challenges on two tracks

near-conformal resonance spectrum separated
from light scalar

3 TeV a

) moving up to 2-3 TeV with refined scale setting
rno

ao

within reach of LHC Run 2 ?

563x96 m = 0.0010/15/20 simulations

1TeV running at two lattice cutoffs
light scalar at few hundred GeV?
@ EW self-energy shift \ ' }i\% %
observed Higgs-like? o Q T

OMZ, ~ —12k2?m? ~ —x*1;(600 GeV)*

Theory track: Simulation track:
* is there a natural explanation for scale

separation close to CW? * new mixed action strategy

e is there testable meaning to dilaton * more accurate scale setting in continuum limit FL >[!

interpretation!? . ,
* analysis of slowly changing topology
* how to do mass deformed XPT when scalar

is not decoupled from Goldstones? * glueball mixing

. - : : L
e how the low mass scalar is effecting the e to reach decoupling of low mass scalar in RMT limit!

RMT analysis in m — 0 limit?




Theory track:  BKT (Miransky) conformal phase transition?
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Theory track:

5 0\ \ / / !
\ i
Bscor S v\ /
1// N ﬁ f “\ \ \\ / / l"
'f P — ~ "\ \ / I’
S s \ \\‘ \ \ N — / / ’I'
l' —_— \ ‘\ /
\~ ’I' / \ \‘ \\ \ / "
Xz-=> 7 SextetA \\ N S AR
— \ | | uv \ /IR
\
\ |\ \\\ , ’I
\ \
i ‘\

In the ivory tower we tune x = N,/ N, in and out of CW starting from

L -.; at IRFP and adding NJL term.

If anomalous dimension of (1/71//)2 becomes marginal,

the beta function 8(g”, f) can lead to collapse of the pair of the IR FP
and the UV FP (created by the NJL term) = asymptotic safety.

Only if x 1s tuned to x_. critical of the BKT (conformal) phase transition.

BKT (Miransky) conformal phase transition?

tunable deformation of IRFP?

four-fermion operator with
large anomalous dim!?

LSCGT = LSCGT T (1/71//)2

Miransky, Yamawaki
Kaplan,Son,Stephanov
Gies,.. RG flow

large-N double trace limit
(Witten, Rastelli, Vecchi)
Kutasov, ... (holographic)



Theory track:

ﬁ \ \\\ /// /
SCGT o \ ;
,/' N ﬁ f \\ \ \\ / / /'
" -~ - ~ ‘v\ ‘\ / "
S \ \\ ‘\‘ \ N — 7 / ,"
— '\ \ N .
\\~~ - e ' \ N ”~ /
N < eXtet'?\ \ ‘\‘ “.\ —_—— y
S— \ S uv \ /IR
\
\\ “‘ \‘\ //
\ \ - ~ ,4"
\ —
\
Ly

In the ivory tower we tune x = N,/ N, in and out of CW starting from

L -.; at IRFP and adding NJL term.
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the beta function 8(g”, f) can lead to collapse of the pair of the IR FP
and the UV FP (created by the NJL term) = asymptotic safety.

Only if x 1s tuned to x_. critical of the BKT (conformal) phase transition.

On the lattice all terms are present on the cutoff scale in the

Wilsonian sense and the model will decide what it wants to do with them.

Depending on anomalous dimension of (1/71//)2 any of the scenarios

can play out at any given point in the SCGT theory space.
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Theory track:

BKT (Miransky) conformal phase transition?

tunable deformation of IRFP?

four-fermion operator with
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large anomalous dim!?

Lowr = Looy + - (59 )

In the ivory tower we tune x = N,/ N, in and out of CW starting from
L -.; at IRFP and adding NJL term.
If anomalous dimension of (1/71//)2 becomes marginal,

the beta function 8(g”, f) can lead to collapse of the pair of the IR FP
and the UV FP (created by the NJL term) = asymptotic safety.

Only if x 1s tuned to x_. critical of the BKT (conformal) phase transition.

On the lattice all terms are present on the cutoff scale in the

Wilsonian sense and the model will decide what it wants to do with them.

Depending on anomalous dimension of (1/71//)2 any of the scenarios

can play out at any given point in the SCGT theory space.

Miransky, Yamawaki
Kaplan,Son,Stephanov
Gies,.. RG flow

large-N double trace limit
(Witten, Rastelli, Vecchi)
Kutasov, ... (holographic)

NJL is misinterpreted but

the general idea is attractive,
does not need NJL:

Four-fermion interaction near four dimensions
J. Zinn-Justin *

THE EQUIVALENCE OF THE TOP QUARK CONDENSATE AND THE
ELEMENTARY HIGGS FIELD '

Anna HASENFRATZ

University of Arizona at Tucson, Department of Physics, Tucson, AZ 85721, USA

Peter HASENFRATZ*, Karl JANSEN, Julius KUTI and Yue SHEN**



Simulation track: mixed action

=3.20 non-Goldstone scPion spectrum

01 T T T
M2=c_m+A linear fit scPion
0.09} sc sc ijPion
= 0.0047 = 0.0009 Goldstone
sC O fitted
0.08 not fited [
c_=845=+0.17
SC
0.07r i
+?/dof= 0.56
0.06 i
= 0.05f i
0.04 R
0.03F R
0.02 i
input from 32%x 64 and 48°x 96 volumes
0.01 R
linear fit range: m=0.003 - 0.007
0 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012
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Simulation track:

0.1
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0.08

0.07

0.06

S 0.05
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0.01

one scPion spectrum

p=3.20 non-Goldst

M2=c m+A linear fit
sc sc

A__ = 0.0047 + 0.0009
sc

c_ = 845=+0.17
sc

+?/dof= 0.56

scPion
ijPion

o fitted
not fitted

Goldstone

decreasing

linear fit range: m=0.003 -

lattice spaciﬁg

input from 32%x 64 and 48°x 96 volumes

0.007

0.002

1
0.004 0.006 0.008
m

0.01

0.012

0.1

0.09

0.08

0.02

0.01

mixed action

f=3.25 non-Goldstone scPion spectrum

M>=c_ m+A linear fit
sC sC
A = 0.0016 = 0.0009
sc
c_ = 6.68x0.22
sc
xZ/dof= 1.6

chiSB in Goldstone spe
vanishes only at zer

spacing

linear fit range: m= 0.002 — 0.006

o

scPion
ijPion

Goldstone

fitted
not fitted

input from 323x 64 and 48°x 96 volumes

1
0.002

0.004 0.006
m

0.008

0.01

0.012



Simulation track:

0.1

0.09

0.08

0.07}

0.06

= 0.05f

0.04-

0.031

0.02}

0.011

=3.20 non-Goldstone scPion spectrum

T
scPion

M2=c m+A linear fit il
sC sc ijPion
A__ = 0.0047 + 0.0009 Goldstone
se o fitted
C_ = 845:017 not fitted
sc
\ J
x“/dof= 0.56
decreasing |

lattice spacing

input from 32%x 64 and 48°x 96 volumes

linear fit range: m=0.003 - 0.007

1
0.002 0.004 0.006 0.008 0.01
m

0.012

mixed action

f=3.25 non-Goldstone scPion spectrum

0.1
M2=c_m+A linear fit scPion
sc sC ijPion
0.09( L
A = 0.0016 = 0.0009 Goldstone
se o fitted
0.08 not fitted [

c_ = 6.68+0.22
sC

xZ/dof= 1.6

chiSB in Goldstone spe
vanishes only at zer
spacing

mgen’r

0.02

input from 323x 64 and 48°x 96 volumes
0.01
linear fit range: m= 0.002 — 0.006

1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01
m

0.012

idea:

use the gauge configurations
generated with sea fermions

taste breaking makes chiPT analysis
complicated

in the analysis use valence Dirac
operator with gauge links on the
gradient flow

taste symmetry is restored in
valence spectrum

Mixed Action analysis should agree
with original standard analysis when
cutoff is removed: this is OK!



Simulation track: mixed action
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Simulation track: mixed action

idea:
p=3.20 non-Goldstone scPion spectrum p=3.25 non-Goldstone scPion spectrum e use the gauge Conﬁgu rations
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Simulation track:

mixed

sextet mixed action at flow time t=2 Goldstone pion (rwall pion channel)

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

action

sextet mixed action at flow time t=2 Fn (rwall pion channel)

very small change in F after matching (B/F ratio dropped substantially) F physical, RG invariant

Mixed Action analysis is better ChiPT fitting procedure for staggered fermions

cutoff effects remain but analysis is freed from taste breaking cutoff problems

gives new perspective on rooting!
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. g _ 3 _ .
NLO quadratic fit =3.20 48°x 96 m=0.003 original ensemble 483 96 NLO linear fit 8=3.20
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-7 0.025 -
- x°/dof = 0.0835 L 1w o fited
.7 linear fit
e 0.02F -
I 7 o fitted |
o ~ ~ ~linear part only 0.015F x2/dof = 0.0197 .
- 7~ - quadratic fit 5
I - ] 0.01} m fit range: 0.008 — 0.024 -
m fit range: 0.008 — 0.024
| | | | | 0005 | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
valence fermion mass m valence mass m
B dropped about a factor of 5 after matching valence fermion mass B is not RG invariant



Simulation track: mixed action

epsilon regime, p regime to epsilon regime crossover, valence pqChiPT with Mixed Action:

<q,q9,>/ZX

np,(A) X

Ny=2,m,=10 MeV, L=2 fm

2 ; . . .
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Damgaard and Fukaya
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new formula (v=0)
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~ e-expansion (vV=0) —
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AZV

new analysis in crossover and
RMT regime opens up with
mixed action on gradient flow




Simulation track:

mixed action

epsilon regime, p regime to epsilon regime crossover, valence pqChiPT with Mixed Action:

spectral density p(h,m)
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Simulation track:

mixed action

epsilon regime, p regime to epsilon regime crossover, valence pqChiPT with Mixed Action:

spectral density p(h,m)

0
0

x107°

spectral density p(A,m)

o

Vol=40°x 80 p=3.25 m=0.002
25 configurations with Q=0
300 eigenvalues

RMT regime

flow time t=3

h i

|
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eigenvalue scale A
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spectral density p(A,m)

Vol=48’x 96 p=3.25 m=0.002

37 configurations with Q=0

RMT regime
on gradient flow -

300 eigenvalues

flow time t=3

eigenvalue scale A

e B drops by large factor after matching, with some small decrease in F

e GMOR implies large drop of order O(10) in the chiral condensate 2
2 is not RG invariant, requires renormalization

* in original analysis m2V ~ O(100-200)
to reach RMT regime close to CW would require enormous resources

e in Mixed Action analysis AV ~ O(10-20) RMT regime can be reached
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Simulation track: FL < | simulations = no theory

when in finite volume, it is always an expansion in |/FL !

A
Condition of reaching the chiral expansion regime can

' be estimated from rotator spectrum =

~|

1
" E, =—I(I+2) with[=0,1,2,... rotator spectrum for SU(2), X SU(2),
¢ chiral p-regime 26

' direct application to sextet model

2
) +0(01/F 4Lt )) (P.Hasenfratz and F. Niedermayer)

C(N
0=FL(1+ ( /
F

2
s

: expansion in 1/FL’ !

F’L;
3 . :
Py rotator => pion C(N,=2)=0.45 (FL=1 is ~ 2fm in lite QCD) C will grow with ~ N
2F°L energy gap M =25m, L . . - '
| : | » the constraints are the same in the €-regime and p-regime
! 1
F°L’ L,

FL=0.1 L=0.2 fm in QCD femto world OK to study volume dependent PT coupling running withV

FL=1 L=2fmin QCD and we crossed over to the XSB phase all 3 regimes (£,0,p) OK

FL = 0.4 squeezed L= 0.8 fm, begins to look conformal  not OK, misidentifies infinite volume phase




The chiral condensate new method

novel algorithm of the project:

* stochastic determination of the scale dependent continuous spectral
density function and mode number distribution function

* from the Chebyshev approximation to the spectrum of the Dirac
operator averaged over the ensemble of lattice gauge configurations
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applications:

e chiral limit of the renormalized chiral condensate

* scale-dependent anomalous dimension of chiral condensate
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e Random Matrix Theory spectra

* topological susceptibility,and more ...




The chiral condensate new method

novel algorithm of the project:

* stochastic determination of the scale dependent continuous spectral
density function and mode number distribution function

* from the Chebyshev approximation to the spectrum of the Dirac
operator averaged over the ensemble of lattice gauge configurations

applications:

e chiral limit of the renormalized chiral condensate

* scale-dependent anomalous dimension of chiral condensate
* consistency check of GMOR relation

e Random Matrix Theory spectra

* topological susceptibility,and more ...

spectral density function and mode number function:

chiral condensate and RG:

ixxk

kzl

>

v(M,m) = V/A dX p(A, m),

VR(MRamR) — V(Mam )

mode number distribution of Dirac spectrum

lim lim lim p(\,m) = 22 spectral density
A—=0m—0V—oo ™ (Banks-Casher)
A =+\/M2—m?2 mode number function

renormalized and RG invariant

(Giusti and Luscher)




The chiral condensate

new method

The eigenvalues A’ of the D*D operator are rescaled to the [0,1] interval

D is the staggered Dirac operator in our applications (method is general)

. . 2
in rescaling A

spectral density p(t) from ensemble averages

over the DD matrix with dimension N

Q|~ Q|

' T.(0p() k=0

' T.(0p() k0

= Ck:<

=0issetand A2

-

\

chT (t) expansion in Cebyshev polynomials

p(t) \/T

2 & 5
—3YT(A) k=0
Nn; (A

1 N
— Y T (A) k=0
Nm 5

N
ZTk(ﬂ,f) is given by trace of T, (D" D) operator

i=1

p<t)=<%ﬁl5(t—&)>

1s estimated by power iteration

gauge
ensemble

more details on the poster!



The chiral condensate

spectral density of full Dirac spectrum (sextet rep)

48°x 96 beta=3.20 m=0.002 L_HC
63,700,992 eigenvalues in D'D (Chebyshev expansion)

3 = 2np(0) Banks—Casher relation (nf=2)

[6)]
T

N
T

topology: Q=0

2m-p(A\) spectral density

N
T

0 0.5 1 1.5
A\ eigenvalue scale

full spectrum

x 10

7 mode number of full Dirac spectrum (sextet rep)

483x 96 Dbeta=3.20 m=0.002 L_HC
63,700,992 eigenvalues in DD

v(A,m)= 2Vf8 p(A,m ) mode number distribution

- 40°x 80 data scaled with volume: blue dots

exact sum

0 0.5 1 1.5

A scale of mode number count

* nf=2 sextet example illustrates results from the Chebyshev expansion

* full spectrum with 6,000 Chebyshev polynomials in the expansion

* the integrated spectral density counts the sum of all eigenmodes correctly

* Jackknife errors are so small that they are not visible in the plots.




spectral density p(\,m)

The chiral condensate GMOR test in far IR

GMOR relation (nf=2): 2BF* =X (X is the chiral condensate)
F: decay constant of Goldstone pion M. =2B-m in LO yPT

from chiral perturbation theory of the condensate in the p-regime:

A A2 4 2 A
ONZ|A|arctan Al 47|A| — Nzmlog —;m —4mlog %
m

Yetf D
Zett
) + 32m3NpF4

spectral density p(A,m)
0.015 T T T

spectral density p(A,m)

0.015 ‘
—a83 - -
Vol=48'x 96 p=3.20 m=0.002 Vol=48%x 96 B=3.20 m=0.002
9 configurations with Q=0 9 configurations with Q=-1
171 eigenvalues 180 eigenvalues
Chebyshev expansion: cyan(1K) to green(4K) .
001  direct eigenvalue spectrum (red) € T&I&M
< ootk T ]ﬂ%@mj 8
< i
_ "nrf;‘ﬂjii
fetastty ! 2> 'r;;'—;ﬂ@l‘fii
prrIIrIItl it ‘® }%TILL
: Imnggfﬁ%ﬁ% S oL
i ° T
0.005 T s Itﬁi ’
. r II- T - T
T 8 o.005f IIII
o
7]
Chebyshev expansion 3K:cyan, 6K:magenta
direct eigenvalue spectrum (blue)
0 1 1 1 1 1 1
0 05 1 15 2 25 3 0 ‘ ‘ ‘ ! ‘
eigenvalue scale A x 107 0 0.5 1 15 2 25 3
eigenvalue scale A x10°

Improved determination of the chiral condensate 2 compared from Dirac spectra
and the Chebyshev expansion.

With the additive NLO cutoff term separated from B and new fit to F, the
improved result on 2 eliminates previous discrepancies in the GMOR relation.




The chiral condensate mass anomalous dimension

Boulder group pioneered fitting procedure

i}
VoM ,,m,)=Vv(M,m)= const - M
4
or equivalently, V(M ,m) = const - A" | with ¥ () fitted

How to match A scale
and g2 ?



v(A,m) anomalous mass dimension

1.6
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1.2

0.8
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1
0 0.2

The chiral condensate mass anomalous dimension

Boulder group pioneered fitting procedure

i}

4

V(M ,,m,)=v(M,m)=const-M """

or equivalently, V(M ,m) = const - A" | with ¥ () fitted

anomalous mass dimension from full Dirac spectrum (sextet rep)

48°x 96 (magenta) A=3.20 m=0.003 L_HC

48%x 96 =3.20 m=0.002 data: blue circles

* A-loop (S)

! ! ! ! ! !
0.4 0.6 0.8 1 1.2 14

A scale of anomalous mass dimension

! !
0 0.5 1

<107 mode number of full Dirac spectrum (sextet rep)

48°x 96 beta=3.20 m=0.002 L_HC

exact sum

" 63,700,992 eigenvalues in D'D

v(A,m)= 2Vf3 p(A,m ) mode number distribution

2 403>< 80 data scaled with volume: blue dots

| |
1.5 2
A scale of mode number count

How to match A scale

and g2 ?



v(A,m) anomalous mass dimension
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The chiral condensate mass anomalous dimension

Boulder group pioneered fitting procedure

il
V(M ,,m,)=v(M,m)=const-M """
4

or equivalently, V(M ,m) = const - A" | with ¥ () fitted

anomalous mass dimension from full Dirac spectrum (sextet rep)

48°x 96 (magenta) A=3.20 m=0.003 L_HC

48%x 96 =3.20 m=0.002 data: blue circles

* A-loop (S)

| | | | | | |
0.2 0.4 0.6 0.8 1 1.2 1.4
A scale of anomalous mass dimension

0.8

0.6

V04

0.2

. m (=0 ]
/
/ ® B6=0.5
/

/ — — one loop

, _
/
/
/
, i
/l .
/ & .

How to match A scale

more details on the poster! and g ?



the running coupling and the [3 function

finite volume

LatHC group introduced the running coupling and its 3 function from the gauge field

gradient flow with the scale set by the finite volume
variations of it are becoming the standard approach

B, = D,G,,+\D,0,B,
Martin Luscher
Bui(t,z) = /dDy Ki(x —y)A,(y),

—22 /4t

de ipz —tp? €
Kyi(z) = / 27)D e'P*e™" = )

(1) =

- 4rt2?

t is the gradient flow time
Running coupling definition (range is (8t)"?) :

a(@) {1+ kia(q) + O0(e?)}, q=

2~
[

A (1P E(t
while holding ¢ = (8t)!/2/L fixed  ax(L) = ot n 5(@5

_1/c2 647'('2
5(C)ZQ9§(€ 1/ )—1—T

3rd Jacobi function

earlier work by Neuberger

.

three different boundary conditions are
used in practice:

anti-periodic fermion fields
Schrodinger functional

twisted gauge fields and fermion fields

fundamental rep:
Nf=8 Boulder group and LaHC
Nf=12 Boulder group and Taiwan group

sextet rep:
Nf=2 LatHC




the running coupling and the [3 function

2.5

1.5

(g°(sL) - g%(L) ) / log(s?)

B3z |

finite volume

| | | |
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the running coupling and the 3 function finite volume

SSC gradient flow with unimproved s=1.5 step scaling function

O betaflllnction without improvement 3 | | | | | |
2 oo non-perturbative —
04l } 1loop -------
LaHC Nf =2 sextet %ﬁ} N’(;; 2.5 2 loop --e--ee _
5 " % 1 8 > L LaHC Nf = 8 fundamental rep .
= -~
& oo o~ step s=1.5
L s 15F ¢c=03 R
o @) SR
o 0.1l "\ ‘
2 T
Al
0 (@]
~ 05 F
~01 I I I
1 2 g 4 5 6 O
g=(L)
0
4L
35+
o
25+
B3z |
15
1+ 2-loop perturh, ——— ]
4_100pMS ............
0.5 1HYP, 7,,; = 0.07 .
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the running coupling and the [3 function

(g°(sL) - g°(L) Mlog(s?)
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SSC gradient flow with unimproved s=1.5 step scaling function
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the running coupling and the 3 function infinite volume

g%(t,m?)

7.8

7.6

7.4

7.2

6.8

6.6

6.4

scale—dependent running coupling on gradient flow

tO scale of 92 in chiral limit

gradient flow time t

;e
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Wilson flow, Symanzik action |||||| ||||||||| n !
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i ! || || |I| -

I [
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° g4t "
\ | I
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‘\‘ I||| |||| III|II
“ |II|| |||||| n"'ll
B | | | ||I|I |
“O‘ | L Illdll II,OII
| |"I |||| .n"ll
B ||'III ||IIIII lllllll I _
o oo o
"""""""""""" gz(t,mz) = 16n°/3 <t2E(t,m2)>
i 483x96 m = 0.003 |
32%x64 m = 0.004-0.006

- 323x64 m = 0.008 §

S R U S —

t0 scale of selected 92 series in m=0 chiral limit
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9 0 -
8k m=0.003-0.006 fitted .
7F S Chiral PT fits §
6 0 excellent x2 fits §

0
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|V|2

T

leading dependence of g”(t,m) on M> is linear

0.05

based on gradient flow chiPT Bar and Golterman

works better than expected

chiral logs are not detectable



the running coupling and the 3 function infinite volume

scale—dependent running coupling on gradient flow
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the running coupling and the 3 function infinite volume

scale—dependent { function on gradient flow
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the running coupling and the 3 function infinite volume

tO scale of selected 92 series in m=0 chiral limit
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works better than expected

chiral logs are not detectable



the running coupling and the 3 function infinite volume

renormalized gauge coupling in chiral limit
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Early universe

Kogut-Sinclair work consistent with xSB phase transition
Relevance in early cosmology (order of the phase transition?)

LatHC is doing a new analysis using different methods
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Early universe

The Total Energy of the Universe: Dark matter

self-interacting?

. 0
Vacuum Energy (Dark Energy) ~ 67 % O(barn) cross section would be challenging

Dark Matter ~ 29 %
Visible Baryonic Matter ~ 4%

e |[attice BSM phenomenology of dark matter
Sannino and collaborators - fundamental and adjoint rep
LSD collaboration - fundamental rep

e Nf=2 Qu=2/3 Qd =-1/3 fundamental rep
udd neutral dark matter candidate

30



Early universe

The Total Energy of the Universe: Dark matter

self-interacting?

. 0
Vacuum Energy (Dark Energy) ~ 67 % O(barn) cross section would be challenging

Dark Matter ~ 29 %
Visible Baryonic Matter ~ 4%

e |[attice BSM phenomenology of dark matter
Sannino and collaborators - fundamental and adjoint rep
LSD collaboration - fundamental rep

e Nf=2 Qu=2/3 Qd =-1/3 fundamental rep
udd neutral dark matter candidate

e dark matter candidate sextet Nf=2
electroweak active in the application

e 1/2 unit of electric charge (anomalies)

Wong talk/poster

* rather subtle sextet baryon
construction (symmetric in color)

e charged relics not expected?
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Summary and Outlook

Summary: simplest composite scalar is probably very light (near conformality?)

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

® running (walking) coupling in progress difficult, Gradient Flow is huge improvement
e chiral condensate, large Y(A) new method is very promising poster

® spectroscopy emerging resonance spectrum ~ 2-3TeV

® dark matter implications are intriguing

® we are investigating tuning with third flavor (massive EWV singlet)



Summary and Outlook

Summary: simplest composite scalar is probably very light (near conformality?)

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

® running (walking) coupling in progress difficult, Gradient Flow is huge improvement
e chiral condensate, large Y(A) new method is very promising poster

® spectroscopy emerging resonance spectrum ~ 2-3 TeV

® dark matter implications are intriguing

® we are investigating tuning with third flavor (massive EWV singlet)

Outlook: is it worth the big effort?

chances of sextet model ~ €
would be significance ~ |/

it makes sense to work onit ~ O(g/e =1)
and we learn more about SCGT!
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