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Standard Model is incomplete
® No Dark matter candidates
® Baryogenesis: KM CP violation not enough,
No 1%t order phase transition

e Strong CP Problem: neutron EDM
° ..

® Naturalness Problem —— BSM on TeV

Technicolor.(QCD — like Theory)

0Mi| ~ Azcoﬁll% Ge¥r — Mw. z
M3 + Mz = —O((10° GeV)?)




TC was killed 3 times

® FCNC > Walking TC

Mg < m((ffp) Vi =1

S/(NtcNp) ~ Sqep ~ 0.3 Walking TC
glexp) 1 [or ETC effects]

® 125 GeV Higgs > Walking TC
125 GeV <« Arc = O(TeV) scale inv.




Technicoter= Hiaogsiess Model

S. Weinberg (1976) et I
L. Susskind (1954 ( O ITC Calar)

Walking Technicolor «vsando-matumoto (1986)
= Composite Higgs Model

Approx. Scale Symmetry

=) Techni-dilaton
) 125 GeV Composite Higgs
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Scale-Invariant Hypercolor Model and a Dilaton

Koichi Yamawaki, Masako Bando,® and Ken-iti Matumoto‘®’

Department of Physics, Nagoya University, Nagoyva 464, Japan
(Received 24 December 1985)

We propose a scale-invariant hypercolor model with a nontrivial ultraviolet fixed point having
large anomalous dimension, which resolves the notorious flavor-changing neutral-current problem

“in hypercolor models, and at the same time predicis.a./7C=0" 2 Nambu-Goldstone boson (dilaton)

associated with the spontaneous breakdown of the scale invariance.
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125 GeV Techni-dilaton(TD) at LHC S.Matsuzaki and K. Y. ,
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TD (in 1FM) is favored by
the current data!!

* diphoton rate
enhaced by techni-fermions
(> W loop contribution)

* goodness-of-fit performed
for each search category

Consistent with the updated after

Moriond/Aspen in March 2013
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. S. Weinb 1976
Technicolor: a Scale-Up of QCD | | sueernd (1975)

Composite m = Composite mrc
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H~FF F.—=246 GeV gat

X 2600

oc~qdq fr=93 MeV



FCNC Problems: Nediy
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ETC
me < (103 TeV) 2x ~ 10"t MeV

Needs 103 enhancement



Holdom (1981)

Pure Assumption of

Existence of Large 7,

No Concrete Dynamics
1 33 No Concrete Value Ym

el A]QETC <(TT>AETC>

= Z,, - (FF)

<FF> ‘AETC’ ‘AEW

Z_l == (AETc/AEw)’ym ~ (103)%”
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Y > 1 > 10°



Walking Technicolor

K.Y., Bando, Matumoto (Dec. 24, 1985)

Ladder Schwinger-Dyson Equation

Scale Invariance < (a(p) = constant)

-

tmo ok

Techni-di

aton

FCNC Sol.

Similar FCNC Sol. without

notion of "V, Scale Invariance, Techni-dilaton :

Akiba, Yanagida

(Jan. 3, 1986)

Appelquist, Karabali, Wijewardhana (June 2, 1986)

( Holdom (Oct. 12, 1984), pure numerical )




Ladder SD

Non-perturbative running (“Walking”)

Miransky Scaling
mpr ~ 4N\ - exp | — Essential singularity

UVFP: not a linear zero

=IRFP
3
O 200y [ « 2
a) = A— = — —1
Ble) oA 7 (acr
a(p) = ace + 1 Gl
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OCTCA O“/Tcﬁ : Blarc) =0
\ QCD'Ilke “Walking”
oy QCD-like
> M ,LL
ATC ~ Mg ~ O(].TGV) me << ATC

(~1TeV) (ETC~10"3TeV)

nonperturbative
scale anomaly

dueto TN

@,0") = 1D 0@ V< mb (< M)

A7t
Pseudo NG Boson:Techni-dilaton

Composite Higgs from technifermions having EW charges




Weakly Coupled Light Scalar Composite
‘ from
Strongly Coupled Dynamics?

Cf. N. Seiberg, Aspen 2013




Naive Arguments (base on LINEAR sigma model)

Lovu = |0,0]° — p®|é]” — A o|*
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GL(linear sigma model) # QCD

A — 00 (Nonlinear ¢ model)

F2
,CNLJ — le”I(?MU‘Q

WTC: Scale-Inv.

U(z) = exp (252 ) = 91U (o)

F2
LNLe = f X x|, U1 +

¢ . dilaton x(x) = exp (qb(a:)) > e“x((e ‘)

Fy

My < Scale anomaly

M
A F

Fr < 1
Fy

FgMg = —4{pL=20 (4nFr)*F2)




eff. TD Lagrangian L=Lw+Ls—V,

Joww/zz
i) The scale anomaly-free part: /
) y P 72 X2:1_|_Fi¢¢+...

F? s _ .
ﬁinv = TW](QTI‘[DJJLTID#U_ T ?ﬁbaﬂ}faﬂx

i) The expl. br. due to SM (invariant by including spurion field “S”):

> reflecting ETC-induced

X\ ) .
Ls = —my ((E) -1:) fr TF 4-fermi w/ (3-ym)
X ,SF(Q.-;) 9 .SF(E) 2 o
+log (E) { 2. G, + ” F2 ¢+
iii) The WTC scale anomaly part: Br: TF-loop contribution
to SM beta function

F2)\2 1
o @ L | _
Vi=—71"Xx <1c=gx 4)

which correctly reproduces the PCDC relation:

- FpM

= 4(3(

F;M;
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TD couplings to the SM particles <= Lg

* TD couplings to W/Zboson (from L_inv)

2m?
_ /Z
9oWW/)ZZ — —@—
The same form as

SM Higgs couplings

* TD couplings to yy and gg (from L_S)
except Fo and betas

Jovy = @eﬂ@
Y99 = @(53)@

Br. TF-loop contribution
t0 beta function




Weakly Coupled Light Scalar Composite
from
Strongly Coupled Dynamics?

Cf: N. Seiberg, Aspen 2013
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Even needs enhancement!




Ladder estimate of TD mass

e e e S S

* LSD + BS in large Nf QCD A composite Higgs mass
Harada-Kurachi-K.Y. (1989) My ~ 4F << Z\/Z,O7 2\40/1
- _ i ~500 GeV
LSD via gauged NJL for one-family model (1FM)
Shuto-Tanabashi-K.Y. (1990); still larger than ~ 125 GeV

Carena-Wagner (1992) ; Hashimoto (1998

A : .
Using only PCDC still accommodates 125 GeV glesemizsle Caushie

G(a)
2772 . P\ /2 4
Fc,b*'uqb — _4<9ﬂ> — o ( 7;uz> ~ 3nymp Miransky-Gusynin (1989):
Hashimoto-K.Y. (2011):
Ntc Nty
/

where 1 =~ —on2 = O(l)

[ )
No exactly massless NGB limit

F? M2 L Mys/mp — 0
— | ¢ . 2 — finite ﬁ“{ golli ¢
flip T \Only when Fj;/mp — oo, i.e., a decoupled limitj




Ladder apprOXImatlon IS subject to about 30% uncertainty
for estimate of critical coupling and QCD hadron spectrum

critical coupling : T. Appelquist et al (1988);
Hadron spectrum : K. -l. Aoki et al (1991); M. Harada et al (2004).

j}\_TF ~1=%£0.3 (Qﬁ’) = 4E pe = —KV QAT:)CAZTF) -mf;l;
= A 1 —— - aT
e 30%
Fﬂ? —iigz m%—
Estimate | _ 30%
w/ uncertainty included
UEW . (0 1 _ 0 ‘3) o« JT\'TD jllfq; Weakel’ thaﬂ SMH
Fy e 4 ) \ 125 Gel




........

Holographic estimate w/ techni-gluonic effects = l; v

,,,,,,,

Haba-Matsuzaki-KY, PRD82 (2010) 055007
Matsuzaki- K.Y., PRD86 (2012) 115004 PPLB719 (2013) 115004

* Ladder approximation: gluonic dynamics is neglected

* Deformation of successful AdS/QCD model (Bottom-up approach)
Da Rold and Pomarol (2005); Erlich, Katz, Son and Stephanov (2005)

iIncorporates nonperturbative gluonic effects

O<«— z=c¢

| 5d SU(NTFL X SU(NTRR

= ¥
e

m

VA

+

dSQ :(L/Z’jz n :de#de—dz?
UV (s )

. “Zmn, 1 ‘ 1
S5 — / d4gg / dz \/__gg_Qecgé‘I)X(z)( o Z’I\r [LA.{NLAIN + Rj\jNRjuN}

1
+Tr [Dy @DV — mi @1 o] + §8A.J@Xaf”<bx)

QCD Ym =0

= ~(3 — ym)(1+ym)/ L2
e WTC 7 =1



Input model parameters
C fm = 92.4 MeV ) iy ¢ S e
T:Gpu"2>/1'r ==o m 6“23\14 o 7 T
: zm”-1 = 347 MeV
\_ J & P
Model predictions
measured
/" Ma1 [al meson] . 1.3 GeV ) 1.2 ---1.3 GeV
Mfo(1370) [ggbar bound state]: 1.2 GeV |1.1---1.2 GeV
MG [glueball ] 1.3 GeV |14-- 1.7 GeV (lat.)
S=-16 1 L10 [S parameter] : 0.31 0.29 ---0.37
\[- <gbar g>]*(1/3) [chiral condensate]: 277 Me\// 200 --- 250 MeV

Monitoring QCD works well!




*WTC-case with vy =1 G~ %)
/[TD mass (lowest pole of dilatation current correlator)

My 3 V3/2
i7Fr ~ V Nrc1+G

> () as G — x©

125 GeV TD is realized by a large gluonic effect: G ~ 10
for one-family model w/ Fir =123 GeV (c.f. QCD case, G~ 0.25)

--- TD decay constant (pole residue)
r=(Mgszm)<1

E
: — \/-—'T{j ‘l_-.;rl '{.'J
\ TF - free from holographic-paramev}s/!!

Fr
—_ - Massless NGB limit (“conformal limit”) is realized:

2
<
b

Moso amd 22 ofmite,  as Gooo. ((B(em)) ~ € = 0)

In contrast to ladder approximation
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> AT I I I I T ITIV IV IV I NN (\,-\ & \1\/\1§§‘;s
I\/Iatsuzak K.Y., PRD86 01 2) 1 5004
% TD decay constant for the light TD casew/ G ~ 10
Indep. of S

(S<0.1 tunable)

F
F—Q!J . W J_H\'TTF \/jﬁ ‘I_.JT]_ }
m

r=(Mgz;m )1
~ V2Nte-  holographic-parameter free !
Theoretical Uncertainties: 1/N;- corr. (20% ~ 30% )

+1/Ntc

~02-04 | \Weaker than SMH

VEW

Fy

holo

This is consistent with ladder estimate:
~

LHC best fit (before Moriond ’13)/

VEW " Iadder ; ,.
P = 0m(ro =) | =0y (%) ()
¢ s JF:EJ EARE {5




Characteristic features of
125 GeV TD |n 1F|\/I (w/ NTC—4 ,5) at LHC

W,z v.s. SM nggs
di-weak bosons E%Q(P_: EVEPW/Fq,) gl 70.5) 0 suppressed
W* Z
"""""""""""" bt N . 3BEEETTA AT oaeaebel s el
quark, lepton pairsyq’_ —
suppressed
b,T
- e
9 00000, Jo Pr(ge)
digluon 2 _e enhanced
g 00000 QCD-colored TF contributio
F.t Br(e€)

| i Jo
diphoton - - -¢ >> W-oops €nhanced
VAAVAVAV

EM-charged TF contributiot



Technifermion loop contributi
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- ((3 =Ym) +2N1c) .

63 — 16(3 — )
| ( A7
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Nrc=4



The 125 Gev TD Signal ﬁtting*updated after HCP2012

S. Matsuzaki, 1304.4882
to the current Hrggs search data

60— solid: NTC= dotted: NTC=3 dashed: NTC=4  dot-dashed: NTC=
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*TD can be better than the SM Scalar(chi*2/d.o.f= 33/20=1.6),
due to the enhanced diphoton rate,
by extra BSM (TF) contributions!



TD signal strengths (u = o x BR/SM Higgs) w/ ntc=4, vEw/Fe =0.2
vs the data voriond Ewaaco (ASPEN) March, 2013

TD signal strength ATLAS (significance) CMS . (significance)

~ 1.6+91 (~ 60) = 0.5 92 (~30)

ATLAS (significance) CMS (significance)
0.9 1.5
~1.7+¥98 (~20) ~ 0.04*87I7 (< 20)
3.8 —~ +5.6
=~ 1,2+ 3-SH< 2 o ) I 1,228 (<20)
3.0 0.6
~ —0.415-C(< 2 o) T S (< 20)
ATLAS (significance) CMS (significance)
== BT 18 (< 20) w/ved = 1.5%1:% (< 20) &j/ver
N/A = —.8 25 (<< 20)
ol T (< 20) ., var N/A
~ —0.4738 (< 20) wyved =~ 0.8%7] o S ar)
~ —0.471-ON(< 20o) g 1 BT U (~ 20)




Theoretical Issues

® \Walking Dynamics beyond Ladder/Holography ?

® More Precise Quantitative Predictions?
Fwa F¢7 Mq57 Mpa MalaMbaryona etc.
S,T,U — Parameters

| attice !



Discovering Walking Technicolor
on the Lattice

KMI Lattice Project
(LatKMI Collaboration)

® Finding a candidate for WTC on the Lattice
® Finding a light scalar composite on the Lattice

® Calculating the composite spectra on the
Lattice



LatKMI collaboration members

M. Kurachi T. Maskawa K. Nagal K. Yamawaki

e 1w

Y.Aoki  T. Aoyama ' T. Yamazaki H. Ohki

E. Rinaldi







SU(3); N. =3

Ny =4,812,16(< N#¥ = 11N, /2 = 16.5)

Ny
A
Asymptotic non-free

Conformal window a(p)

2 —loop : N =8.05
2 — loop + ladder SD equation :

Walking technicolor

crit
Ny

=11.9



Recent study of LatKMI Collaboration

_LatKMI Collaboration, PRD86, 054506 (2012); D87, 094511 (2013); arXiv:1305.6006

Unique setup for all Ny: Improved staggered action (HISQ/Tree)
Cheapest calculation cost in lattice fermion actions
+ small a systematic error

Simulation parameters

e 3 =6/9° — lattice spacing a

o L,T ~0O(10)

e mr7# 0 — IR scales my > 1/L

Large enough L at each my: mgzL > 6 (2 4 in Ny = 4)

N¢ | B L>xT m ¢

4 |3.7|12° x18-20° x 30 | 0.005-0.05
8 | 3.8 18° x 24-36°> x 48 | 0.015-0.16
12 | 3.7 | 183 x 24-303 x40 | 0.04-0.2
12 | 4.0 | 183 x 24-303 x40 | 0.05-0.2

Machines: ¢ at KMI, CX400 at Kyushu Univ.



Walking candidate & Scalar

e Nf=8: Walking, ~,, =0.62 —0.97

LatkKMI Collaboration, Phys. Rev. D 87, 094511 (2013).

® Nf=12: Conformal v, =0.4—-0.5
LatkKMI Collaboration, Phys. Rev. D86, 054506 (2012)
® Light flavor-singlet scalar (& scalar glueball)
in Nf=12
LatkKMI Collaboration, (arXlv: 1302.4577), arXiv:1305.6006
@ Light flavor-singlet scalar (& scalar glueball)
in Nf=8 (Very Preliminary)



‘ N f %3 a PHYSICAL REVIEW D 87, 094511 (2013)
Walking signals in N, = 8 QCD on the lattice

Yasumichi Aoki,1 Tatsumi Aoyama,1 Masafumi Kurachi,1 Toshihide Maskawa,l Kei-ichi N agai,1 Hiroshi Ohl(i,l
Akihiro Shibata,? Koichi Yamawaki,' and Takeshi Yamazaki'

(LatKMI Collaboration)

o(u)
A

Up to lattice IR, UV scales:
ATl

L a

T
A i) W Agep 1
ChPT éw=LMy = fu(Lmi)



0.3 T T T T T T T | T | T | T
i _ i ¥
ChPT o o L=12| |§g = LMy = fa(Lm;"")
= : O L=I8
(my =0.015—-0.04) | v o ToafR (mf — 0.05 — 0.16)
0.26 |- & A L=30) o
i * v L=36 i
S 024 ¢ % ® . 2z
& k é@ |
0221 8 ]
LatKMI Coll, PRD 87, 094511 _ o® ® 4 .
(2013) 02l N=8,p=338 O 8
0.18 I | | | | | | | | | | | | | | | | | | | ]
0 01 02 03 04 05 06 07 08 09 |1
il M,
€H = LMH = fH(Lm}”)
0.22 T | T | T | T | T T T | T | T | T
| . Il v e[S mnmmnl
0211 ¢E % ] 7 — i i & B3.7 L20T30| _
i % ] % 1 0.45 |- A
L 021 %@ $ .| ChPT |
s | - =
ol 0.19 - 041 . B
| : _ | : -
0.18 |- 035 N=4,p=37 ¢ % |
O L=18 %
LN = _ O L=24H - )
077 Nf_1|2’ BT3°7| . 1, o L= A S e S TTRUNE
%0 0.2 0.4 0.6 0.8 1 =0 0.1 02 03 04 0.5
M_ B

LatkMI Coll, PRD86 (2012)054506 LatKMI Coll, PRD 87, 094511 (2013)



‘ N f 733 a PHYSICAL REVIEW D 87, 094511 (2013)
Walking signals in N, = 8 QCD on the lattice

Yasumichi Aoki,1 Tatsumi Aoyama,1 Masafumi Kura(:hi,1 Toshihide Maskawa,l Kei-ichi N agai,1 Hiroshi Ohl(i,l
Akihiro Shibata,? Koichi Yamawaki,' and Takeshi Yamazaki'

(LatKMI Collaboration)
HISQ 5 = 3.8 L =12,18,24,30 (T/L = 4/3)
sx8 m; = 0.015 — 0.04 “Conformal” M f = 0.00 — 0.16
4@4}3; <7’E¢> 3__ 'Ym =~ 1 L2 < i
1S 3e4}3; ?ﬁﬁ

W - ,@/
203  / ) Y =

SF

It

I
OO0
[l
oI
[t et ot
- -

|

L /"l ./_@” 1= tfgg -
1e-03 _— . i -
] %. | . | . | L 0 ' ' ' '
0e+00 001 0.02 0.03 004 0 2 4 XO10) 6 8 10
Fr =-#0,M, —0,M, —#0 A
€HELMH:fH(me )

at myg — 0



0.16

0.12

0.08

0.04

—— guad [0.015-0.04]
- Cm,

Yi1+9 16 05-0.16]

N.=8, b=3.8

0.12




Nf=8 data Hyperscaling relation is not for a universal /ym
v(My) =~ 0.57,7(Fy) ~ 0.93,v(M,) ~ 0.80

After corrections

b v ~0.62 —0.97

Universal value (up to correction ansatz)

For large mf Corrections such as higher power of mf

Cr
Cf: SD equation in the conformal phase (X < (lcy (Nf > Nf )

mf Q[F(l — 'y;;)(mp)lwrn I'(—1+ 'y;‘;z)(mp):w;}
A € D — v + 2 .
A =22 \A (&)~ \A

LatkKMI Collaboration, Phys. Rev. D85, 074502 (2012)



Wi

Scalar

Light composite scalar in twelve—flavor QCD on the lattice

Yasumichi Aoki,!

Hiroshi Ohki,?

Noise
reduction
method
with Nr=64

(LatKMI collaboration)

(arXlv: 1302.4577), arXiv:1305.6006

Tatsumi Aoyama,! Masafumi Kurachi,! Toshihide Maskawa,! Kei-ichi Nagai,’
Enrico Rinaldi,»? Akihiro Shibata,?® Koichi Yamawaki,! and Takeshi Yamazaki'

L° X T | ms | Nefgs Mo M Mo [ M

24° x 32(0.05| 8800(0.250(15)(37)[0.3273(19)* |0.76(5)(9)
24° x 32|0.06|14000{0.283(16)(31)]0.3646(16)* |0.78(4)(5)
24° x 32/0.08|15000|0.363(21)(23) [0.4459(11) ]0.81(5)(2)
243 x 32(0.10| 9000|0.458(41)(53) [0.5210(7) 0.88(8)(%)
30° x 40(0.05| 8000|0.284(15)(33)|0.3201(16)*|0.89(5)(%)
30° x 40/0.06(14000(0.337(15)(33)]0.3648(9)* 10.92(4)(5%)
30% x 40/0.08(15000|0.386(21)(39)]0.4499(8) 10.86(5)(%)
30° x 40/0.10| 4000|0.437(50)(35)|0.5243(7) 10.83(9)(3)
36° x 48/0.05| 5000|0.285(22)(33)]0.3204(7)* 10.89(7)(})
36° x 48/0.06| 6000|0.307(21)(%3)|0.3636(9)* 10.84(6)(%)
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p ‘ f == “=iar mesonic correlators L=24 T=32 p=4.0 am-0.06 S 1 z I
lf‘m T | T I T | T I T I T | T I T I T | T I T | T | T | T | T | T Ca a

oang 0 W ek < X > =—-C@®)
1e-06 ee 2
=]
1eu?_EEEg ©e < @ Q > < @ >
E Egﬁe

14000 configurations

1e-08 ;— 5 i 1] E @ g?i % E ] g B _; connected and disconnected correlator measured on

= = E » &4 stochastic gaussian sources used for the
. disconnected piece on each configuration

1e-10 | T 3

» 2 stochastic gaussian sources used for the connected
piece on each configuration

'le_-1-1-l | 1 I 1 | 1 I 1 I 1 | 1 I 1 I 1 | 1 I 1 | 1 | 1 | I| |
II]24E811312141613213222425283[]32

ta

Co(t) = (307 Whathi(t) 32} j105(0)) = Ny(—=C(t) + N;D(t))

Or(t) = diti(t),  D(t) = (Op()Or(0) = (Or (1) (OF(0))
COO> =IO



‘Nf 232 12 Scala,ﬁ

Effective mass in Nf = 12 (m; = 0.06,243 x 32 with Neonr = 14000,

Preliminary) o1
merr(t) = 109(Cy (t)/Cr(t + 1)) == my

08— : | . . | . Nonsinglet scalar
0_?__ = 0 a, | ap: —C_|_(2t)
® O |
06 5 ¢ Only D(t)| |
' . = | Singlet scalar
05 N = Ci =

o:3D,(2t) — Cy(2t)

04+

i i 1 Mg < Mag
03— * * 'y § ; i 'S + + _ ]

I . I |
02~ + ¢ | Only D(t)
Consistent mg

| | .| Smaller error
12 16

o1l Effective mass m.=0.06

—y

X4 (2t) = 2X(2t) + X (2t + 1) + X (2t — 1)

Good signal of mgs from D(t)



0.8

0.6

‘Nf 55 a Very Preliminary Scalar
Noise reduction
Nf=8 B=3.8 L,T | my | confs _ €
24 32 | 0.06 | 7600 with Nr=64
| 1 Nonsinglet scalar
¢« ° 0 4 ag: —C4(2t)
= ® O
B ¢ OnlyD(t) R
- = . s m“a Singlet scalar
- . L 1 0:3D4(2t) — Cy(2¢)

04

0.2

12

16

Mo S My < Mag

X, (2t) =2X(2t) + X (2t + 1) + X (2t — 1)

me <My at my = 0.06



Expected Picture
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Conclusion

A light composite Higgs can be generated in the Walking Technicolor
(Strongly coupled theory) as a Pseudo-NG boson of Scale Symmetry
(Techni-dilaton), which is Weakly coupled to the SM particles.

Techni-dilaton is consistently identified with the 125 GeV Higgs

Lattice results of LatKMI Collaboration are consistent with

Nf=12 QCD: conformal behavior

Nf=8 QCD: walking behavior; chiral broken (mf=0.015-0.04),

(approx.) conformal (mf=0.05-0.16)

Lattice results of LatKMI Collaboration observed

Nf=12: clean signal of a scalar lighter than pion

Nf=8: indication of a scalar slightly lighter than pion (just for one
parameter mf=0.06) (Very preliminary)

Both reflecting (near) conformality for a wide IR region below the

asymptotically free UV region

Hope to give the lattice answer to the theoretical issues
before 13/14 TeV LHC
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Y¢ Other characteristic spectrum in one-family WTC

Chiral symmetry breaking: SU(8)L x SU(B)R = SU(8)V

[ )+.3.0
0,

THS0(T:3.0)

P:I:,S,O

3 “would-be” NGBs: eatenby W, Z
60 (pseudo) NGB = techni-pions (TPSs)

. color-octet scalars (# 32)

~ Qrsha7HQ

: color-triplet scalars (“leptoquark™) (#24),

~ Qs7H3OL (h.c.)

. color-singlet scalars (# 4)

~ QysTE30Q — 3Ls L

Expected masses :

300 ~ 500 GeV

J.Junji, S.Matsuzaki, K.Y.,
PRD87.016006. (2012)



Techni-pions: couplings to WW and ZZ highly suppressed (NO NGB-NBG-NGB

- narrow resonances (tot.width ~ 5--10GeV) N
=z 1oy :"‘:. .
= T
J.Junji, S.Matsuzaki, K.Y., PRD87.016006. (2012) ol R
: : . SR 0 4 g -
Discovering isospin singlet TPs: PPand 8, % ol it
$ oot} ‘;:;:3.'; ......
* produced ONLY from ggF: QR
W’ 00000 200 300 400 00 600
5 - . Mp(GeV)
* Predominantly decaying to SM fermions o
og9r(pp — P° — 7777) ~0.1pb @ ~ 300GeV
o49r(pp — P° — it) ~ 10pb @ ~ 400GeV ; 1
ocr(pp — 6.) x BR(0, — tt) =~ 60pb @ ~ 500GeV = o1
0.01'— : : : : :
* decays to glue_g amma/z 350 400 45;)4})ﬂ IGEV]500 550 600
1 Nrc=3 (solid). 6 (dashed): Vs =8 TeV Npe=3 (solid). 6 (dashed): Vs =8 TeV
JGF(pp — ga — QZ/AI} F ; - 10"
nee 1 fb %o.m—'I % I
@ i SOOGeV %0'001_ % 0.01%
200 400 e \G:\,E‘)\O 500 1ooo 1074 2(I)0 4fIJO 660 S(IJO ](JIOU

My, [GeV]



* One-family walking techni-rho mesons (#63)

— £,3,0 Expected masses :
Po. . color-octet vectors (# 32) 3
1~ 4TeV
+,3,0 ; -+,3,0 .
Pr. ( Py ) . color-triplet vectors (# 24)

consistent w/

p%’g”o . color-singlet vectors (#4) | EW precision tests
_ S.Matsuzaki and K.Y.,
pi,S . color-singlet vectors (# 3) PRD86.115004. (2012)
7T

[corresponding to vector states

for eaten NGBs]

Typical discovery channels: decays to WLWL (ZLZL)or TP and WL

q WL, ZL WL, ZL

Novel discovery channel: decays to W(Z,y) and TD!

q W,Z,Y p .7 () (TD)
>\A/\_ﬂ,% S.Matsuzaki and K.Y., in progress
q W,Z!V



* ADS/CFT recipe:

S5 —>  S5[5,9,v,a}|Uv_boundary = WaD  generating functional

classical solutions \

sources = UV boundary values
for bulk scalar, vector, axial-vector fields

Wi —>  (TJ(2)J(0)) J=FF,G? Fn,T°F, Fy,ysT*F

pv?

Current collerators 1185 1la, v, 1
are calculated as afunction of three IR -boundary valuésrand

dual
& : IRvalue of bulk scalfls «—> FIF
— G IRvalue of bulk scaldy; <«—> G2,
%y, ¢ IR-brane position



. “Zm 1 2D (= 1
Sy = / d4l‘ / dz —( ?GCJSIX( )(— ZTI‘ [LMNLMN + RMNRMN]

+Tr [Dy @' DM@ — miate] + S0y ex0Max)

D(z,z) = _\./15(1‘(3}—Ufi‘,:}}exp[f?r[a',z}lf’-a.'{g}]
AdS/CFT dictionary: x(2) = vx(2),

* UV boundary values = sources

, l. L Y
L = Zm [La’:} — (T)

e—0 z—€

~

L
aM = limZ,, (—t‘[:))

M' = lim Lvx(z)
e—+0

L€

* IR boundary values:

§ = Lu(z)| «———> chiral condensat¢(T'T')
G =Lux(z)| _ <—> gluon condensal (aG},)



The model parameters:

.;I;- {‘-; E.'F?! " —

®IR Px IR IR brane 5d
value value position coupling

A

matching to

current

correlators [v
Nteo
1272

Fix

3 phenomenological

M M’

d UV Ix UV coeff.

value value

—

set explicit breaking
sources = 0O

v Leading log term

V3

Input values

Mo = 125 GeV
S =01

Fr =246 GeV/AND = 123 GeV (1FM)

¥ C
coeff.
of M of ®x
Mv
Il__lsd' - G"2 term
eading log erm‘ll

Nte

5> 7T 10240



S.Matsuzaki and K.Y., 1209.2017

Other holographic predictions (1IFM w/ S=0.1)

NTC = 3

(3 Techni-p, al masses
Techni-glueball (TG) mass

. MG = 19 TeV

Mp = Mal = 3.5 TeV )

TG decay constant FG = 135 TeV
o dynamical TF mass mF mF = 1.0 TeV 5
NTC = 4

@ Techni-p, a1l masses
Techni-glueball (TG) mass
TG decay constant
dynamical TF mass mF

. MG = 18 TeV

Mp = Mal = 3.6 TeV )

FG 156 TeV
mF = 0.95 TeV

J

NTC = 5

@ Techni-p, a1l masses
Techni-glueball (TG) mass
TG decay constant
dynamical TF mass mF

: MG = 18 TeV

Mp = Mal = 3.9 TeV )

FG 174 TeV
mF = 0.85 TeV

J




Other pheno. issues in TC scenarios

S parameter

S~ Np- ¥ ~ 03 Np (for QCD-like)

Mz =
Np : # EW doublets e too large! cf: s(exp) <0.1 around T =0

One resolution: ETC-induced “delocalization” operator

_ vector channel Ja Chivukula-Simmons-He-Kurachi-
fL F’L A2Tc J;CjSML JTcL Tanabashi (2005)
ETC
ava In low-energy
— ,2iTeaten/V
Jhe s Tr[Ut i D] W/ U=e oW
Jr Fy,

> gwW,, — gy B,, modifies SM f-couplings to W, Z
contributes to S "negatively”

2
k —s AS m@;é; ( XS;’}’(J Stotal — 0 (7ideal delocalization”) /




Top quark mass generation

- - 2
Il gre |fr o men e s (/(‘ETTCC) Arc
AN

ETC
JL Fr

ETC scale associated w/ top mass

e ARRomITeV (Aig)? (1r28ev)

too small!

/ One resolution: Strong ETC Miransky-K.Y. (1989), Matumoto(1989), Appelquist-
Einhorn-Takeuchi-Wijewardhana (1989)

--- makes induced 4-fermi (tt UU) coupling large
enough to trigger chiral symm. breakina (almost by NJL dvhamics)

" fym
<UU>ETC%(I>\E£) (UU)rc 1 <Yy <2

TC

boost-up

2—Ym
A
— My =~ (—AETTCC) Arc < Apc ~ 1TeV

k %

1T parameter (Strong) ETC generates large isospin breaking
—> highly model-dependent issue




Ny =12 Nt=12 Taste Symmetry (HISQ)

LatkKMI Collaboration, PRD86 (2012)054506

PS, SC; 17: PV, VT

! I ! |
o PS
| o PV
1 <& VT 1
AN SC & &
| o o |
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05 s e —
_ o o
T &
=
0 | | |
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Difficulty  Flavor — singlet scalar
OIS®ST@I0), St = 3 ba(, )a(@,1)

o= (O &) - (O)

1. >© = Tr[’(/)(m)i,_b(.’r)] = Tr[D_l[U](a:,x)} at each U
O(L3 x T) D~1[U] in naive mehtod
0(1000) D~ 1[U] in simple mehtod
— 0(100) D~ 1[U] in noise reduction method
(Kilcup and Sharpe;NPB283(1987)493, Venkataraman and Kilcup;hep-1at/9711006)

2. (Le;rge + small) — (Large) = (small) + (stat. error)

(small): exp(—megt); stat. error: independent of ¢

— O(10000) configuration

Reduce calculation cost and use huge Neonf



Flavor-singlet state from Glueball operator

Flavor-singlet scalar (O"“"glueball) operator from U

0; =

WL R

M

1010

EW charge

(0]0;(£)01(0)[0) — (0]0;]0)(0[O]0), i,5 = a,b,c
Same difficulty as meson operator — Huge statistical noise

Noise reduction techniques (Lucini, Rago, Rinaldi;JHEP08(2010)119)

e Fatting link

e Large size operator

e Diagonalization of correlation function matrix

Same m, is obtained from meson and glueball correlators, in principle.

— Reliability check of result, but never done before



‘Nf 757 12 Scalar Glueball vs Flavor-singlet Scalar

Comparison of effective mass in Nf = 12
(ms = 0.06, 183 x 24 with Nconr = 5000, 243 x 32 with Ngonr = 14000, Preliminary)

merr(t) = 109(C (1) /Cr(t+ 1)) =5 my
Glueball correlator and meson D(t)

Scalar spectrum L=18 T=24 f=4 amI=G_DE Scalar spactrum L=24 T=32 f=4 am1=ﬂ.ﬂﬁ
0.8 ' ' J ' I ’ O gluonic operators only 08 i ' I ' I ' O gluenic operatars on ly
O  fermionic ocperators anly @ O fermionic operators anh ¥
06 % T 0.6 $ -
£ 04l % - £ 04 - T .
I > ; ‘
] @ * 1
o2 © o5 3 % % % % \ I 0.24 % o N
1 f
fi] I | L | L l L | 5 1 i 0 i | I | L | I | L | I
0 2 4 ] 8 10 12 0 2 4 8 a 10 12
t/a tfa

Larger error in glueball correlator
Reasonably consistent in large t

— show only meson results



Volume dependence of effective mass from D(t)
L=18, 24, 32 B=4.0 mf=0.06 & 0.10

m=0.06 m=0.10
1 I T I I I 1 T I
:L | | | | & | | | |
b
» L=18 | + L=I8
| o L=24 B | O L=24
08 P 0 A L=30 |
B a mil=30) T _ | o m{l=3m|| + )\
06— a A — 06— =
b | r % @ g =2 =
B . 7] x i
5 E 2 E b
5 4 ? } 113 ¢ = e » 4
L E E % m o m |__i__ 0 m { % — E_ #
- ]
0.2 T T T = F T T J- - ﬂ — N2+ 1 )
I | I 1 I 1 ¥ | I 1 I I | I

0 I l | 1
i 4 H 12 16 20 i 4 o 12 16

+ At m=0.10, all the results for L=18, 24,30 are consistent.
+ At =0.06, mo(L=18) < mo(L=24) and large statistical fluctuation in L=30.



