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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Motivation

The Higgs boson with My ~ 125 GeV
is discovered (2012, LHC-CERN)!
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The Higgs boson with My ~ 125 GeV
is discovered (2012, LHC-CERN)!

The LHC second-run has started!
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Motivation

The Higgs boson with My ~ 125 GeV
is discovered (2012, LHC-CERN)!

The LHC second-run has started!

Why Not Investigate
Higgs & Electroweak Symmetry Breaking(EWSB)?
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Strong Dynamics: Origin of EWSB

Q Physical Content of Higgs?

Q Physics of Electroweak (EW) Symmetry Breaking?

Q Fine-Tuning Problem for My = 125 GeV?
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Strong Dynamics: Origin of EWSB

Q Physical Content of Higgs?
Composite Higgs FF (c.f. oqcn, Cooper-Pair).

Q Physics of Electroweak (EW) Symmetry Breaking?
Chiral Symmetry Breaking.

Q Fine-Tuning Problem for My = 125 GeV?
Log (partly Power-Low) corrections for My = 125 GeV.
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Introduction

Higgs and Strong Dynamics
Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Higgs vs QCD-Scalar Singlet oqcp

QCD St Interact

o Chiral SSB: SUL(3) x SUR(3) — SUv(3).
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Higgs vs QCD-Scalar Singlet oqcp

QCD Strong Interaction
@ Chiral SSB: SUL(3) x SUg(3) — SUv(3).

o Order Parameter: (oqcp) ~ (gq) % (230 MeV)>.

@ Hadron Masses: F2 ~ (0qep)/Bo, M2F2 ~ mq{ogen), etc.
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Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Higgs vs QCD-Scalar Singlet oqcp,

QCD Strong Interaction

o Chiral SSB: SUL(3) x SUR(3) — SUv(3).

o Order Parameter: (oqcp) ~ (gq) % (230 MeV)>.

@ Hadron Masses: F2 ~ (0qep)/Bo, M2F2 ~ mq{ogen), etc.

v

Composite Higgs by Strong Interaction

o Higgs ~ oqcp ~ Gq? (c.f. My, 7z  (Higgs))

A
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v

Composite Higgs by Strong Interaction

o Higgs ~ oqcp ~ Gq? (c.f. My, 7z  (Higgs))
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A

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Introduction Higgs and Strong Dynamics
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Higgs vs QCD-Scalar Singlet oqcp,

QCD Strong Interaction

o Chiral SSB: SUL(3) x SUR(3) — SUv(3).

o Order Parameter: (oqcp) ~ (gq) % (230 MeV)>.

@ Hadron Masses: F2 ~ (0qep)/Bo, M2F2 ~ mq{ogen), etc.

v

Composite Higgs by Strong Interaction

o Higgs ~ oqcp ~ Gq? (c.f. My, 7z  (Higgs))
NO!, Too Small W/Z Mass: Mw = gF~/2 ~29 MeV <« 80 GeV

o Higgs ~ oqop/| ~ FF, where QCD’ = QCD|100mev—s100Gev?
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Higgs vs QCD-Scalar Singlet oqcp,

QCD Strong Interaction

o Chiral SSB: SUL(3) x SUR(3) — SUv(3).

o Order Parameter: (oqcp) ~ (gq) % (230 MeV)>.

@ Hadron Masses: F2 ~ (0qep)/Bo, M2F2 ~ mq{ogen), etc.

v

Composite Higgs by Strong Interaction

o Higgs ~ oqcp ~ Gq? (c.f. My, 7z  (Higgs))
NO!, Too Small W/Z Mass: Mw = gF~/2 ~29 MeV <« 80 GeV
o Higgs ~ oqep'| ~ FF, where QCD’ = QCD|100mev—s100Gev?
NO!, Higgs becomes unstable as QCD sigma does: Higgs~ gqcpr — M.
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Higgs vs QCD-Scalar Singlet oqcp,

QCD Strong Interaction

o Chiral SSB: SUL(3) x SUR(3) — SUv(3).

o Order Parameter: (oqcp) ~ (gq) % (230 MeV)>.

@ Hadron Masses: F2 ~ (0qep)/Bo, M2F2 ~ mq{ogen), etc.

v

Composite Higgs by Strong Interaction

o Higgs ~ oqcp ~ Gq? (c.f. My, 7z  (Higgs))
NO!, Too Small W/Z Mass: Mw = gF~/2 ~29 MeV <« 80 GeV
o Higgs ~ oqep'| ~ FF, where QCD’ = QCD|100mev—s100Gev?
NO!, Higgs becomes unstable as QCD sigma does: Higgs~ gqcpr — M.

o How we solve the problems?
Many-Flavor QCD with Walking Dynamics.

N
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Introduction Higgs and Strong Dynamics
Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Beta-Function: Usual QCD
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

2-Loop Perturv for Many Flavor: Banks-Zaks IRFP (1982)
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Introduction Higgs and Strong Dynamics

Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Walking Dynamics in Many-Flavor QCD

B(g) = dg(p)/dp = —bo(Nr, Ne)g* — bi(N¢, Ne)g® + -+ . (3)

Schwinger-Dyson Equation
@ Walking Dynamics in 8 < N¢ < 12, (Yamawaki et.al.('86), Holdom ('85))
@ Stable (light) Higgs: Techni-Dilaton FF (PNGB for Scale Sym Breaking).

Lattice Beta-Func.: Appelquist et.al. (2008-10), LatHC (2016), A.Hasenfratz et.al. (2014-16), ...
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Introduction

Higgs and Strong Dynamics
Conformal /Walking Dynamics in Many-Flavor QCD
Subject of Our Study

Subject of Our Study

We do not know much about Many Flavor QCD and Walking...

We Investigate...

e 8-flavor QCD > (F7®%, G*°) with
Lattice Gauge Theory with Monte Carlo Simulations.
c.f. One Family Model (Farhi-Susskind '79, Dimopoulos '80).

@ Chiral symmetry breaking SUL(Nf = 8) x SUr(N¢) — SUv(Nf) or
Conformal or Walking?

@ The Critical Phenomena near IRFP with Mass Anomalous Dimension -.

v
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Subject of Our Study

We do not know much about Many Flavor QCD and Walking...

We Investigate...

e 8-flavor QCD > (F7®%, G*°) with
Lattice Gauge Theory with Monte Carlo Simulations.
c.f. One Family Model (Farhi-Susskind '79, Dimopoulos '80).

@ Chiral symmetry breaking SUL(Nf = 8) x SUr(N¢) — SUv(Nf) or
Conformal or Walking?

@ The Critical Phenomena near IRFP with Mass Anomalous Dimension -.

Many Flavor QCD and Critical Phenomena: Miransky-Yamawaki (SD 1997), Braun et.al. (FRG 2006 - 11),
Deuzemann et.al. (Nf = 8, 12 lattice, 2008 - 11), Kogut-Sinclair (2010), K.Miura et.al. (Nf = 6, 8 lattice,
2011-13), lwasaki et.al. (Nf = 2,7 lattice, 2014).
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Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

Measurements and Analyses

o Observable:
Hadron Correlators and Masses My(a, L, m¢)

o Analyses:
o Chiral Perturbation (ChPT) Ansatz.
« Finite-size Hyperscaling (FSHS) Ansatz.
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Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar
Conformal /Walking Scaling Analyses

Nf = 8 Techni-Pion Decay Cnst. F, (Update of LatKMI PRD 2013)

0.08 —

0.06 [~

w® — quad 0.012-0.04
0.04 — quad 0.012-0.03
— linear 0.012-0.02 | |
0.02 —

| | | | |
0 0 0.01 0.02 0.03 0.04 0.05
m

f

@ Pion Decay Constant: (0|(dy"~s T?4)(0)|7(p)) = iFr8?°p*.
o ChPT: Fr = Fo 4+ Cfme+ CEm2+---, x?/dof ~O(1) .

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

Nf = 8 Techni-Pion Decay Cnst. F, (Update of LatKMI PRD 2013)

0.08 —

0.06 [~

— quad 0.012-0.04
— quad 0.012-0.03 ||
— linear 0.012-0.02 | 4

0.02

| | | | |
0 0 0.01 0.02 0.03 0.04 0.05
m

f

@ Pion Decay Constant: (0|(dy"~s T?4)(0)|7(p)) = iFr8?°p*.
o ChPT: Fr = Fo 4+ Cfme+ CEm2+---, x?/dof ~O(1) .
o Scale Setting: F? = 0.0212(12)(™%) — 246/+/2 GeV.

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar
Conformal /Walking Scaling Analyses

N¢ = 8 Techni-rho Mass M, (Update of LatKMI PRD 2013)

0.7
0.6
m—1
0.5 /3
. 04 R
= -
0.2 /E lattice data H=H i
- linear 0.012-0.03 —
g/ quad 0.012-0.03 —
0.1 quad 0.012-0.04 — |7]
0 uad 0.012-0.05
0 0.01 0.02 0.03 0.04 0.05
Hlf
o ChPT: M, = MJ + C{ms + Cfm; +--- , x°/dof S O(1) .

o Prediction: M9 ~ 860 — 1930 GeV. (c.f. Fukano et.al. ('15))
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N¢ = 8 Techni-rho Mass M, (Update of LatKMI PRD 2013)

0.7
0.6
o1
0.5 /3
L 04 i
= o
02 /E lattice data H=H | |
- linear 0.012-0.03 —
?/ quad 0.012-0.03 —
0.1 quad 0.012-0.04 — ||
0 uad 0.012-0.05
0 0.01 0.02 0.03 0.04 0.05
Hlf
o ChPT: M, = MJ + C{ms + Cfm; +--- , x°/dof S O(1) .

o Prediction: M9 ~ 860 — 1930 GeV. (c.f. Fukano et.al. ('15))

@ ATLAS(1506.00962): An excess of around 2TeV in the diboson channel,
but disappearing...

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD
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Flavor Singlet Scalar
Conformal /Walking Scaling Analyses

The Ratio F;/M,, (Update of LatKMI PRD2013)

s \ \
O L=12
0.28 1= B O L=I8| |
- ¥ O L=24| A
0.26 - b A L=30| |
4 v L=36
2 | é > L=42| T
2 0241~ ¢ L 1
23 i ] & |
# &
022 |
I o2®
02 o -
0 \ \ \ \ \ \
0 01 02 03 04 05 06
M?[

The pion becomes lighter, indicating its pNGB nature.
(c.f. LSD Collaboration 2016.)
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Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

N¢ = 8 Flavor Singlet Scalar o (Update of LatKMI PRD ’14)

O olL=42
05 |0 olL=36 -
< oL=30
r |A olL=24

< =
0.4 o gL 18 |
L p(PV) ]
£0.3| %
0.2 i _

0.1

Light o ~ Dilaton (PNGB for Broken Scale Symm.)

c.f. LatkKMI 2012, LSD Collaboration 2016, Lattics Higgs Collaboration 2012, Athenodorou et.al. 2014.
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Result

Dilaton ChPT

Ref.: Matsuzaki-Yamawaki PRL 2014. (c.f. Crewther et.al. PRD 2015).

z = [Dwd.a) &n
(U, V) _ (e2i7ra(x)Ta/Fﬂ- ’ eo’(x)/Fg) ) (4)
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Dilaton ChPT

Ref.: Matsuzaki-Yamawaki PRL 2014. (c.f. Crewther et.al. PRD 2015).

z = [Dwd.a) &n
(U, V) _ (e2i7ra(x)Ta/Fﬂ- ’ eo’(x)/Fg) ) (4)

We expand Ses in terms of (7(x), o(x)) and read off coefficients of their
quadratic terms, giving mass terms of them:

Mg-:Ms-‘meO"'_D'Mfr» (5)
_ (3—7)(1+) 2N¢F2
p= Bl ©)
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Conformal /Walking Scaling Analyses

DChPT Fit

0.15
S
0.1
/
NEO ) E/
0.05
L=42
L=36 &
0 L=30 i |7]
L=24 rvi
DChPT Fit —
-0.05 t t
0 0.02 0.04 0.06 0.08 0.1 0.12
M;

M2 | im0 = —0.0028(98)(52)
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DChPT Fit

Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

0.15
S
0.1
/
NEO E/
0.05
L=42
L=36 &
0 L=30 i |7]
L=24 rvi
DChPT Fit —
-0.05 t t
0 0.02 0.04 0.06 0.08 0.1 0.12
M;
2 36
M2 |0 = —0.0028(98)(535) > 0.0002 , (7)

(c.f-MZ|m;—0 = 0.0002 gives M, = 125 GeV) ,
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DChPT Fit

0.15
0.1
/
s r—
= 0.05
L=42 HH
/,/T/ L =36 e
0 L =30 - []
L=24 rvi
DChPT Fit —
-0.05 u u
0 0.02 0.04 0.06 0.08 0.1 0.12
My
M2 |0 = —0.0028(98)(535) > 0.0002 , (7)
(c.f-MZ|m;—0 = 0.0002 gives M, = 125 GeV) ,
F, ~ 522 GeV . (8)
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Measurements and Analyses

o Observable:
Hadron Correlators and Masses My(a, L, m¢)

o Analyses:
o Chiral Perturbation (ChPT) Ansatz.
« Finite-size Hyperscaling (FSHS) Ansatz.
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Flavor Singlet Scalar o

Conformal /Walking Scaling Analyses
Finite-Size Hyper-Scaling (FSHS)

Hadron Mass Spectra and ChPT Analyses

Finit-Size Hyperscaling (FSHS) via Renormalization Group

@ FSHS: LMy = F(X,Xirr), (D.Debbio et.al. Y].0)
X = Lm:_/(1+”/)

= relevant operator with mass anomalous dimension
Xier = gm“, - - - = irrelevant operator (A.Hasenfratz et.al. '14).
m (rel.)
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Finite-Size Hyper-Scaling (FSHS)

Finit-Size Hyperscaling (FSHS) via Renormalization Group

@ FSHS: LMy = F(X,Xirr), (D.Debbio et.al. Y].0)
X = Lm:_/(1+”/) _

relevant operator with mass anomalous dimension -y
Xier = gm“, - - - = irrelevant operator (A.Hasenfratz et.al. '14).

@ Large X around IRFP: F(X, Xix) = F(X) — G + CI'X.

@ Irr. OP Correction: F(X, Xir:) — (1 + G (g)m*)(C¢ + ¢ X).

m (rel.)
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Finite-Size Hyper-Scaling (FSHS)

Finit-Size Hyperscaling (FSHS) via Renormalization Group

e FSHS: LMy = F(X, Xi::), (D.Debbio et.al. '10)
X = Lm}/(Hﬂ = relevant operator with mass anomalous dimension
Xirr = gm“, - - - = irrelevant operator (A.Hasenfratz et.al. ’14).

e Large X around IRFP: F(X, Xiry) — F(X) — C + CI'X.
e Irr. OP Correction: F(X, Xire) — (1 + Cf(g)m*)(CS + Cf'X).

Does mass spectra in 8-flavor QCD respect FSHS with universal ~?
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Finite-Size Hyper-Scaling (FSHS)

Finit-Size Hyperscaling (FSHS) via Renormalization Group

e FSHS: LMy = F(X, Xi::), (D.Debbio et.al. '10)
X = Lm}/(Hﬂ = relevant operator with mass anomalous dimension
Xirr = gm“, - - - = irrelevant operator (A.Hasenfratz et.al. ’14).

e Large X around IRFP: F(X, Xiry) — F(X) — C + CI'X.
e Irr. OP Correction: F(X, Xire) — (1 + Cf(g)m*)(CS + Cf'X).

Does mass spectra in 8-flavor QCD respect FSHS with universal ~?

@ Yes: The theory is Conformal,

@ No: Chirally Broken (c.f. Nf = 4),
or Too small X, too large mr, some Xi,, effects.
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Naive FSHS for Each Observables | (Update of LatkKMI PRD 2013)

Fit: L My, = ¢y + ¢; L m{/™*
25 ‘

20 -
yﬁ/&i/

15 o
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1183

=
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=
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X =Lmp™

Figure: FSHS Fit for Nf = 8 Spectra

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Hadron Mass Spectn and ChPT Analyses
Flavor Singlet Sc
Conformal /Walking Scallng Analyses

FSHS in 4-flavor QCD, Preliminary

3 18
/A / / 16
2.5 f Y210 /A/ 14 / » /
2 P /g/@ A//g 12 [f o pe
j b s o
B. A A
=15 f /@/ é =20 s 10 T y=20
= éf f % N T R E S
1 < 6
y=
os |22 rL=12 = 4 [L=12 =
L=16 o+ 2 L=16 &+ |4
0 L =20 o o L =20 &
0 1 2 3 4 s 6 7 0 1 2 3 4 5 6 7
X X

In the Nf = 4 case, data points never distribute around a single line within the
unitality band 0 < v < 2, and indicates no IRFP dynamics at all.
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Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

Naive FSHS for Each Observables Il (Preliminary)

Fit: LM = F(X) = Cjf + ClIX

My« =
MN E-(large )(Zlum =3.07
M, =
Mal
M, =
My 8
My ev) 8
My sc) - (large x*/dof = 18.09)
M, @ arge 7 Hdot = 18:33)
Fr
F-M;-Mpy) - (targe x*/dof = 104:88)
0 0.5 1 1.5 2
v

Figure: Mass anomalous dimension « for Nf = 8.

c.f. LSD Collaboration (2014).

8-Flavor QCD
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Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

Naive FSHS w. Common v Imposed (Update of LatKMI PRD’13)

Fit: LMy = F(X) = C§ + C}'X

7 T T
F, e+ .
6.5 ﬁn o g
A
L M, .
6 Fit %
55 ik
5 . ®
S
4.5 ggé
4 [
58s
35 &5
=)
3 2}
2.5

25 3 35 4 45 5 55 6 65 7

Y = (F(X) - ¢")/C{", Fit Line: Y = X.
(7, x%/dof) = (0.687(02), 104.88).
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Hadron Mass Spectra and ChPT Analyses
Flavor Singlet Scalar o
Conformal /Walking Scaling Analyses

FSHS with With Collection, Preliminary

Fit: LMy = F(X,gm®) = (1 + Ci{(g) m{’ )(Ch + CI'X)

9 T T
F, e+
85 | M, e~
M, 2+ iy
- p T2
81 mit g
7.5
; &
- &
6.5 =
6 4
o
5.5 o &
5 & ¥
4.5

45 5 55 6 65 7 75 8 85 9
X

Y = {F(X)/(1+ C'm#) — c¢'}/Cl', Fit Line: Y = X.
(7, w, x?/dof) = (1.108(48),0.347(14), 1.05)
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Discussion

Chirally Broken or Conformal in Ny = 877

03 T T Fit: LMy = FX,gm®) = (1 + Ci(@) m@ )l + Clx)
r g 9 —
F, 8+
0.28 1%‘ 7 85 xz = -
F 1 e
L M, &
026}~ % i 81w 5
7.5
v T 1 i
2 0241 4. 7 i
R i 65 o
022} i o
[ T 5.5 - “
02} i -
5 [ ]
0.18 | I | ! | | 45
B 01 02 03 04 05 06 45 5 55 6 65 7 75 8 85 9
M X
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Discussion

Chirally Broken or Conformal in Ny = 877

03 T T Fit: LMy = FX,gm®) = (1 + Ci(@) m@ )l + Clx)
3 g 9 —
F, 8+
0.28 1%‘ 7 85 xz = -
F 1 A
L M, &
026}~ X i 81w 5
75
5 r 7 ; &
Z02p 4. i
H i 6.5 o
022} i P
L i o
55 i
02} i -
5 [ ]
0.18 | I | ! | | 45
B 01 02 03 04 05 06 45 5 55 6 65 7 75 8 85 9
M X

Chirally Broken or Conformal?
How these two figures are compatible?
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Discussion

Critical Phenomena around IRFP with IRR-CORR. |

Fit: LMy = F(X,gm{) = (1 + CI m{ )l + c¥x)

0.8 T
]
Mz o
Mp A
0.6
° .
o ° °
= 04 ° o o ° o ° [
: o L4 ° PY
~ o
° o °
0.2 AAAt‘ a ) : : A A
:lf’l-‘-'-.| ] 2" =
0 Il Il Il

_ dlmp(c X
T+ CEme)(CE+ X))
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Discussion

Really Conformal? Maybe No...

Fit: LMy = F(X,gm®) = (1 + C(g) m{ )(Ch + CI'X)

9 T T
F, e~
85 |- M, +e
M, &
L o T8
81wt L]
7.5 3
7
>~ #
6.5 =
B
6 B
o
5.5 o &
5 & #
4.5

50% Correction to M, Scaling: Broken Chiral Symmetry?

o The IRFP scaling variable X = Lm*/*7) is not dominant any more.

@ The M, specifically, scales differently from the others.
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Discussion

Really Chirally Broken?

03 : :
O L=I2
028 5 S il
- ¥ O L=24| A
026 x A L=30| _|
$ v L=36
& B % > L=42| T
S 024 ¢ & -
s i g & |
# s
0221 -
i o®® |
02 @ —
ous | | | | | |
0 01 02 03 04 05 06

M

n

The pion becomes lighter, indicating its pNGB nature.
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Discussion

Really Chirally Broken?

03 : :
O L=I2
028 5 S il
- ¥ O L=24| A
026 x A L=30| _|
$ v L=36
& B % > L=42| T
S 024 ¢ & -
s i g & |
# s
0221 -
i o®® |
02 @ —
ous | | | | | |
0 01 02 03 04 05 06

M

n

The pion becomes lighter, indicating its pNGB nature.
It’s premature to conclude this!
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Discussion

Critical Phenomena around IRFP with IRR-CORR. Il

The increasing ratio (Fr/M;)(ms — 0) may result from the effect of the
irrelevant operator:

Fr LF, 1+ Eme)(cE + cfFx)

—(m = — = 1

. ™) = I, (™) = (T Grme) (Gt GrX) (10)
X = Lm}/(H“’) = large and fixed ,
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Discussion

Critical Phenomena around IRFP with IRR-CORR. Il

The increasing ratio (Fr/M;)(ms — 0) may result from the effect of the
irrelevant operator:

Fr LF, 1+ Eme)(cE + cfFx)

—(m = — = 1

. ™) = I, (™) = (T Grme) (Gt GrX) (10)
X = Lm}/(H“’) = large and fixed ,

d F:
_ F7r C2F C27r (w—1)<0
= m, {w(l +CF 1+ C;)mf
X! 1 1 —v/(147)<0
— ! ! 11
+1+7(1+(C0F/C1F)X*1 1+(Cgf/qf)xfl)mf (1)
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Discussion

Critical Phenomena around IRFP with IRR-CORR. Il

The increasing ratio (Fr/M;)(ms — 0) may result from the effect of the
irrelevant operator:

Fr LF, 1+ Eme)(cE + cfFx)

—(m = — = 1

. ™) = I, (™) = (T Grme) (Gt GrX) (10)
X = Lm}/(H“’) = large and fixed ,

d F:
_ F7r C2F C27r (w—1)<0
= m, {w(l +CF 1+ C;)mf
X! 1 1 —v/(147)<0
— ! ! 11
+1+7(1+(C0F/C1F)X*1 1+(Cgf/qf)xfl)mf (1)

We cannot exclude the possibility of the conformal scenario.
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Summary

Summary and Perspective

Summary: The 8-Flavor QCD is
@ near the boarder of the chiral broken and conformal phases with the light
o and the (would-be) mass anomalous dimension ~ ~ 1.

@ a viable candidate of Walking Technicolor Model (One-Family Model).

@ theoretically interesting as a frontier of the gauge theory.
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Summary

Summary and Perspective

Summary: The 8-Flavor QCD is

@ near the boarder of the chiral broken and conformal phases with the light
o and the (would-be) mass anomalous dimension ~ ~ 1.

@ a viable candidate of Walking Technicolor Model (One-Family Model).

@ theoretically interesting as a frontier of the gauge theory.

Future Perspective
o Smaller fermion mass, larger lattice, several lattice spacings.

@ Work in progress: S-parameter S ~ 0.25 — 0.275, " (Y.Aoki, lattice-2016
talk, M,/ /M, ~ 3.5), finite T (K.M. Proceedings SCGT2015, chiral

transition/crossover signal?), DM, topology.
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Backups

Lattice Action:

Argolithm:

Configurations:

Observables:
Code etc:
Computer:

Nf = 8 HISQ Action

+ Tree-level Symanzik Gauge Action.

HMC with Hasenbush pre-conditioning.

0(10*) Configs.,

B =3.8, Le[12,42], mf € [0.012,0.16]

Fry, Mr, My, Ma1, My, VPF, ---.

MILC ver.7.6.3 with some modifications, SciDac Libraly.
KMI HPC Cluster ¢,

Nagoya-Univ-ITC CX400,

Kyushu-Univ-RIIT CX400/HA8000.
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Backups

Setups Il

%: New Configs. %: Updates, O(10*) Configs.

meN\ L |42 36 30 24 18 12
0.012 *
0.015 *
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.12
0.14
0.16

* % %
%% % % Xt
L D R
L D D B

B b b b
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Superconductivity (S.C.) vs Higgs Sector

Why Composite Higgs?

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Backups

Superconductivity (S.C.) vs Higgs Sector

Why Composite Higgs?

[ S.C. (Ginzburg-Landau) [ Higgs Sector

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Backups

Superconductivity (S.C.) vs Higgs Sector

Why Composite Higgs?

S.C. (Ginzburg-Landau)

Higgs Sector

Theory

U(1) Gauged o Model

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.))

SUw(2) x Uy (1) Gauged o Model
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Backups

Superconductivity (S.C.) vs Higgs Sector

Why Composite Higgs?

S.C. (Ginzburg-Landau)

Higgs Sector

Theory
Condensate

U(1) Gauged o Model
o~ ee

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.))

SUw(2) x Uy (1) Gauged o Model
oc=h~VV 7?77
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Backups

Superconductivity (S.C.) vs Higgs Sector

Why Composite Higgs?

S.C. (Ginzburg-Landau) | Higgs Sector
Theory U(1) Gauged o Model SUw(2) x Uy (1) Gauged o Model
Condensate | o ~ ee oc=h~UV¥ 7?7
Meissner M3, ~ (2¢°/m2)o M3, = g%0?/4
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Backups

Superconductivity (S.C.) vs Higgs Sector

Why Composite Higgs?

S.C. (Ginzburg-Landau)

Higgs Sector

Theory
Condensate
Meissner
Mechanism

U(1) Gauged o Model
o~ ee

Mg ~ (26%/m)o
BCS Mechanism

SUw(2) x Uy (1) Gauged o Model
o=h~WV7?7?

My = g°0®/4

Some Strong Interaction 77
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Backups

One Family Model

Farhi-Susskind model: Farhi-Susskind (1979), Dimopoulos (1980)

U c t U, UNye
d s b Dy Do,
eoe

u c t U, UNpe

s b D, D,
e 1% T Ey ENze
Ve vy Vs N1 Nnre

— - ) - - g
— ——

SM fermions Techni-fermions
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Tambling

Self-breaking of the ETC gauge group

U ¢ ¢ Uy Unpe
d s b D, Dy,
LN

u c U, UNro

d s b Dy Dnre

€ 1t T Ey Enpe

Ve vy vy Ny N Nte
SUB + N¢) S — —— —
A/\!_> SDV(Q + 1’\/"1‘(;) — — e
A!—> S(J(] + NT(') N~ — —
A3 SU(Ntc) ~ " -~

8-flavor SU(Nt¢)
technicolor

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Backups

Ng — N: Phase Diagram

Ref.: Dietrich-Sannino PRD 2007.
N
o0 b
18

‘ Fundamental

2-Index Antisymm.
2-Index Symm.
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Extended Technicolor Model

Ref.: Hill-Simmons Phys. Rept. 381 (2003).

G ETC
<FF>ff mass term
frfr FCNF

} ) lo;
Ale Arc ' o8 gn
Gere = GsuX Grc
(F&f) H @

o Agrc 2 10° TeV to suppress FCNC oc 1/A%pc.
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Backups

Extended Technicolor Model

Ref.: Hill-Simmons Phys. Rept. 381 (2003).

G ETC
<FF>ff mass term
frfr FCNF

} ) lo;
Ale Arc ' o8 gn
Gere = GsuX Grc
(F&f) H @

o Agrc 2 10° TeV to suppress FCNC oc 1/A%pc.

o SM Mass, My |y < Adw/Airc gets too small.
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Backups

Waling Technicolor Model

Refs.: Yamawaki et.al. ('86), Appelquist et.al. ('86).

G ETC
<FF>ff mass term
, fift  FCNF

Agw Agrc
Gere =P GsuX Gyc
(F&f) ®» @

/\%:W [/\ETC]"Y . (12)

M‘L"H:AEW x A
EW

2
AETC
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Backups

N¢ = 8 Flavor Singlet Scalar o Il (Update of LatKMI PRD 2014)

0.6 ‘
| [0 ol=42 1
05~ |0 oL=36 b
L | o oL=30 |
A o lL=24

04 |4 sL=18 é;

Light My |m,—0 ~ 0 — 780 GeV  (c.f. Fr|m—0 = 246/1/2 GeV).
(c.f. LatHC Collab. ('14), Hietanen et.al. ('14), Athenodorou et.al. ('15)).
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FSHS: Individual Fits

Fit: LMy =cy+¢, L m}/(w’)

25 T

|
M o /
20 M, 2
15 ol ==
-] - il
S ﬂg@/ﬁf%&
o ®
5
o mese-E——esE 8
0
2 3 4 5 6 7
X =Lmf™
Fr M M, My
v 1.003(5) 0.627(2) 0.896(11) 0.810(11)
x?/dof | 2.34 15.26 1.41 2.58
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Backups

FSHS: Simultaneous Fits with A-Hasenfratz Type Collection

Fit Ansatz: Cheng-Hasenfratz-Liu ('14).

Fit: LM, =1+ ¢, m:{’)(co +¢ L m}/(1+y))

7
Fn‘ g B

- 65fF Mo e
2 M, o &
?z 6 - My v & &
a2 Fit
s 55 5
o
2 B - 7
3 .

4.5 %
€ s
~ 4

3.5 -

35 4 4.5 S 85 6 6.5 7
L m%/(l+’}’)

(7, x*/dof) = (1.014(35), 2.46) for w = 0.35.

Critical Phenomena in 8-Flavor QCD
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Backups

FSHS: Simultaneous Fits with Frascati-Groningen Type Collection

Fit Ansatz: Lombardo-Miura-Silva-Pallante ('14).

Fit: L My, = ¢y + ¢; Lm"*Y 4 ¢, L exp[-kX]

5.5 T
F, e+
5 5+ M e 2
= Mp oy
Lf 45 My ——
: s Fit ég
S
+ &
s 35 ]
;o g
P
g 2.5 g &
2 |
2 2.5 3 35 4 4.5 5 5.5
X=L ml/(l+Y)

(7, x?/dof) = (0.617(2), 12.80) for k = 0.1.
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Backups

N¢ = 8 String Tension

0.3 T T T T

(5] SRR

1/2

quad-fit 0.012-0.1 —
hs-fit 0.012-0.1

data L=42 HH

i i i data L=36 +&A

QTSI 25N TN N - data L=30 &

e

o

data L=24
data L=18
 E—

0 L 1 L 1 L 1 n I
0 0.02 0.04 0.06 0.08 0.1
mg

\/m~ a—= C(mfa)l/(l""Y),
(7, x%/dof) = (0.97(4),0.68).
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Backups

Edinburgh-Type Plot

1.6 1 ‘ 1
O m=0.08
O mf=0.06
15— | © m=0.04 @ * —|
A m=0.03 %
o < m=0.02
g 4 m=0.015 _
= m=0.012
" | % QCD 1
13l * heavy fermion limit |
12 L_* \ \ \ \
0.2 0.4 0.6 0.8 1
M,/M,

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



Backups

FSHS: Individual Fits with A-Hasenfratz Collection

LM/(1+eymp) =g + ¢ Lmy/™*? L My/(1+ ¢, m{) = ¢+ ¢; L m{' Y
T 10
f e f. o
my —o m; o
I m; 4 °© m, a |
15 my v my v
“5 o
- 1 =
&
=
%o
0.5
0
0 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 25 3
@ ®
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Backups

FSHS: Simultaneous Fits with A-Hasenfratz Collection

14

1.2

0.8

0.6

0.4

0.2

Kohtaroh Mii

L My/(1 + ¢y m?) = ¢ + ¢; L m{/ ™+
l‘n-lﬁ,‘-mp-m‘ =2
0 05 15 2 25
(o)

KMI, Nagoya Uni

x*/dof

LM/ + ¢y m®) = ¢y + ¢; L my/**?
50
40 ,_.-fﬁ
30 f
20
10 f
0 I:':th:!:l:ﬂ’ frme-my-my @
0 05 1 15 2 25 3
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Backups

Summary of « in 8-flavor QCD

Fit: LMy = F(X) = Ch + Clix Fit: LMy = (1 + Ci m&=3cfl + clix
My My
My (largey/dof = 34 My Targe 3dof)
Mlll Mhl
Mal Mal
My My
Mo Mvr)
Mypv) M,y
Mn(SC) (targe x"/dof = 18.09) Mn(SC)
L targe 7 /dot =18.33) M,
FK F1(
Fo-Mp-Mpy (targe z7/dof = 104.88) Fp-M M py,
0 0.5 1 15 2 0 0.5 1 15 2
Y Y

Dose mass spectra in 8-flavor QCD scale with universal ~7?
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Backups

Summary of « in 8-flavor QCD

Fit: LMy = F(X) = Ch + Clix Fit: LMy = (1 + Ci m=¥cfl + clix)
:

. .
My My
My (largey/dof = 34 My Targe 3dof)
Mlll Mhl
Mal Mal
My My
Moy Moy
Myev) M, py
Mysc) Qlarge fdof = 18:09) Mzsc)
M, targe 7dot = 18:33) M,
FK F1(
FoMMpy, (targe x¥/dof = 104:88) Fr-Mz-Mypy)
0 0.5 1 15 2 0 0.5 1 15 2
v Y

Dose mass spectra in 8-flavor QCD scale with universal ~7?
Barely Yes: v ~ 1 with large uncertainties.
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v in 12-flavor QCD

M, (B=37) o
M,.[ (B=4.0) —g—

F.(B=37) — o

F, (B=4.0) S —
M, (B=3.7)
M, (B=4.0)
| \4 | | \7
0.3 0. M 0.5 0.6 0.

Figure: v in 12-flavor QCD, for comparison. Update of LatKMI PRD 2012.
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Naive Hyper-Scaling Fit for ms € [0.012,0.03]

M, = Chmf{/(1+7) ,

OP g dg x°/dof

Fx 9.950105e — 01  1.486191e — 02 0.650459
M 6.819529e — 01  5.860037e — 03  1.739950
() | 5.143576e — 02  7.617876e — 04 1.821225
M, 9.237836e — 01  3.427526e — 02 2.982169
Mo 8.089052e — 01  1.294329e — 01  0.075278
M2 1.031132e + 00 2.186141e — 01 0.888295
Mp1 9.199789e — 01  2.691208e — 01  0.150320
My 8.374501e — 01  2.432380e — 02 3.377506
M 8.932025e — 01 1.160504e — 01 0.467040

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.))

Critical Phenomena in 8-Flavor QCD

(13)




Backups

Quadratic Fit for ms € [0.012,0.03]

My = Go+ Cims + Com? | (14)
M 2
=Ne| —— ) 15
= <(47rF/ﬁ ) (15)
x(mf = 0.012) = 6.01(70) , x(mf =0.03) = 17.8(2.1) .  (16)
OoP Go x°/dof
F. | 00212(12) 031
M, | 1.866(57) 0.04

() | 0.000221(43) 0.54
M, | 0.1520(30) 0.36

M. | 0.162(14) 0.12
M. | 0.217(22) 1.81
Me | 0.200(29) 0.52
My | 0.2148(35)  0.40
My. | 0.272(18) 0.03
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Backups

N¢ = 8 S-Parameter

0.3 ‘7
g
0.251- L 8 B
S
[=)
T |
02l OO0 L=42 i
' 601230 S = 47T, (Q* — 0)
AN =24
— L-18 EW EW
My_a ~
0.15 | s | | | s | | | L

The result S ~ 0.25 — 0.275 is smaller than that Sqcp n;=2 ~ 0.43.
For the latter, Ref.: JLQCD PRL 2008, P. Boyle et.al. PRD 2010, LSD-Collab. PRD 2014.
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Backups

N¢ = 8 S-Parameter Il

03
i
0.25}- L] @ .
g
=]
&
s ooL-e2
2F ool i L o
ooLse S =4xlly, \(Q* = 0)
AAL-24
L=18 EW EW
| | Il | | 1 | H\VY_J\N
O824 6 & 10 12 14

Dispersion Relation (c.f. Knecht et.al.(Large N. '98), LSD-Collab.(’14))

2 0o ds
o Mv_a(@®)=—Fr+ & [;~ £
o S ocMy_A(@* — 0) = small: Parity Doubling Ry ~ Ra.
o (Fv,My) ~ (Fa, Ma) with Ry s ~ 12n%F3 \ (s — M /)
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Backups

N¢ = 8 S-Parameter 1l

03 ‘ ‘ ‘ ‘ ‘ ]
#i
0.25| L] 8 E
g
=t
B
<
0zl ©0L=42 |
‘ oot S = 4l A(Q* = 0)
AAL=24
L=18 EW EW
[Iy_p ~
0.15 | | 1 | | | |

Still much larger than Sexp = 0.03(10).
Pions: (N7 — 1) = 63 = 3 + 60. Should Be Subtracted (Future Work).
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Backups

N¢ = 8 S-Parameter 1V

0.3|- 8
0.25}- L3 % 3 ]
g
[=
= I |
<
0-0L=42
0.2 8 L=36 1
0 L=30
P NEY
I L=18 1
LSD(DWF), L=32
L | L | L | L
015 6 8 10 12
m.L

The decreasing S at small ms <= Finite Vox Size Effects?
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Backups

Sparameter vs (g — 2)

! en
/é\ a 26[ /VF]( 977711111011

muon muon a, = _ 2 2 — F 0
w=1[9-2)/ 2( ) S =4rlly_,(Q? —0)
EW EW
Iy_p ~
S
There exists 3.30 deviation between a;;*" and aSM At present, this may be the

unique signal indicating the BSM.
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Backups

Sparameter vs (g — 2)

Y /)
/é\ a Ze[ ,VFI( 977711111011

muon muon a, = —2)/2 — F5(0
n=1(9-2/ 2( ) S = 4nll_\(Q* —0)
EW EW
Ily_a ~

> H{,l'ml

There exists 3.30 deviation between a;;*" and aSM At present, this may be the

unique signal indicating the BSM.

— 2) vs S-Parameter

@ The physics interest is shared: BSM.

@ The lattice technology is shared: Vacuum Polalization Function [1.
Ward-Takahashi Identity A, (M,, — c.t.) = 0, Fit Analyses of M(Q? — 0),
Wave Functional Renormalization Zy;,, and many others.

Critical Phenomena in 8-Flavor QCD
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Backups

Chiral Condensate as a func. of T
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Backups

Polyakov Loop as a func. of T

N; = 8, mga = 0.02, (L, L,) = (24, 12)
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Chiral Susceptibility

N;=8, mga=0.02, (L, L) = (24, 12)
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Susceptibility Ratio R,

N;=8, mga=0.02, (L, T) = (24, 12)
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Backups

Increasing Rate of R,

N;=8, ma =0.02, (L, L) = (24, 12)

3 T T
hme &
25 T hmd e~
2
-
£ Lt
< 1.5
= 1
= ES B
1 L
; 1
0.5 -
1 1 3
T ]
0 2
2.9 3 3.1 32 33 34 35 36

B,

Kohtaroh Miura (CPT, Aix-Marseille Univ. (KMI, Nagoya Univ.)) Critical Phenomena in 8-Flavor QCD



	Introduction
	Higgs and Strong Dynamics
	Conformal/Walking Dynamics in Many-Flavor QCD
	Subject of Our Study

	Result
	Hadron Mass Spectra and ChPT Analyses
	Flavor Singlet Scalar 
	Conformal/Walking Scaling Analyses

	Discussion
	Summary
	Appendix
	Backups


