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*  LHC starts setting severe bounds on SM Higgs mass
--- implies the mass is unlikely to be as low as O(EW)
--- suggests composite dynamics for origin of mass

like "“Technicolor”



» Technicolor Weinberg (76), Susskind ('79)

L shon Dynamical EW(chiral) SB

technifermion condensation: (Fy,Fg) # 0

Fr SU(2)r, x SU©2)r — SU©2)v
like (qrqr) # 0 in QCD

Dynamical W,Z mass generation

W,z My = & F, with F ~ 246 GeV set

W,Z ‘\ W.Z

b

Dynamical explanation of origin of mass



® Technicolor should not be QCD-like at all

Extended TC: SM fermion mass generation

7 _
1oete P s
—> = (FLFr)(frfr) +he.
fr Fr _
~ (FF>ATC ArTc d_}uJ
Mgrc = gercAETC ny AL i ' IATC ’Ym (,LL)

RGE effect for F'F operator w/ anomalous dim. -,

FCNC constraint  eg.
— K mixing requires Agpc > 10°TeV

associated w/ strange quark mass
Naive scale-up of QCC v, =~ 0: mg
Needs enhancement by 7m == 1
Holdom (1981)




* Other pheno. issues in TC scenarios

S parameter

S =~ Np - 8]7(/[@7% ~ 0.3 - Np (for QCD-like)
Np : # EW doublets toolarge! cf. S(exp)<o0.1 aroundT=o
Oneresolution: ETC-induced “delocalization” operator Chivukula et al (2005)
_ vector channel T -
fL Fr AZ . JMSML JTCL
ETC
In low-energy
a — 2i7reaten VEW
JH s (Ut i DI W/ U = e2meend
JL I,

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

2
K -3 AS m@gggf ( XS:X:) Stotal — 0 ("ideal delocalization”) /




Top quark mass generation

_ _ _ 2
F ouU A
N oETc |[Tr me~ TR s (AETTCC ) Aro
ETC scale associated w/ top mass
/L Fr

1/2
— AR~ 1TV (%)% (120Y)

too small!

One resolution: Strong ETC Miransky etal (1989)

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

- Tm
(TU)mrc ~ (AAETc) TUVre 1<ym <2

boost-up ,
o

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




Yamawaki et al (1986); Bando et al (1986)

* Walking TC

Blarg) ~ 0

aTC axTC
replaced by walking
QCD-like <> ——— .
4T ~ = T QCD-like
t F (~1TeV) AC (ETC~10"3TeV

ATC (~1TEV)



Yamawaki et al (1986); Bando et al (1986)

* Walking TC

QCD-like &> —— _
4 ~ ' QCD-like

(4

ATC (~1TEV)
*Dynamical TF mass generation by WTC

7T

mp ~ Apce Volea— for o > e “Miransky scaling”
Miransky (1985)

<FF>ATC ]ZTg mFATC % Tm A ]

solve FCNC syndrome
* Explicit dynamics ( 4 )

QCD w/ large # fermions --- under investigation by lattice cals



Yamawaki et al (1986); Bando et al (1986)

# WTC and techni-dilaton

B(arc) ~ 0 (Approximate) scale-invariance in WTC

arc » ~ > presence of (p)NGB for scale symm = "dilaton”.
walking regime qb ~ FF




Yamawaki et al (1986); Bando et al (1986)

# WTC and techni-dilaton

Barc) ~ 0 (Approximate) scale-invariance in WTC
aTC —> presence of (p)NGB for scale symm = “dilaton”.

walking regime =
SSB by TF mass l oo S
I

generation @ mu_c

mep =~ ¢XTC p—'”/ \/&mf&'cr—].



Yamawaki et al (1986); Bando et al (1986)

# WTC and techni-dilaton

Barc) ~ 0 (Approximate) scale-invariance in WTC
aTC —> presence of (p)NGB for scale symm = “dilaton”.

walking regime
SSB by TF mass o~ FF
generation @ mu_cr,

mep =~ ¢XTC {.,—ﬂ'f \/&mf&'cr—].

| - T
My / Arc starts “running”
(walking) up to mF

Her = Q0= Cer P da 200; [ @ 3/2
/# = Arc —— ( —1)

()AT( T ey



Yamawaki et al (1986); Bando et al (1986)

# WTC and techni-dilaton

B(arc) ~ 0 (Approximate) scale-invariance in WTC

aTC —> presence of (p)NGB for scale symm = “dilaton”.
walking regime

SSB by TF mass ¢~ FF
generation @ mu_cr,
mr >~ Npc e~/ Vam [ —1
u
e / Arc starts “running”
(walking) up to mF
Her = Q0= Cer P da 200; [ @ 3/2
Bl? ATC ()AT( a T (Qﬁcr a 1)
nonperturbative —
scale anomaly % "no exact NGB limit”
L Bla) 9 _ ..
0,Dfc = —(aG’,,) #0: eplicitly broken by mp

4ov?
mabkes dilaton massive: "“techni-dilaton” (pNGB)
notentiallv liaht!




* Cf: naive scale-up version of TC

Light composite scalar Higgs in naive scale-up version of QCD?

¢~ FF Are o Fa ~ 2600

scale symmetry is badly broken at perturbative level (cf. QCD)

6 XTC
0uDipc = Fand (G) ~ O(Nic)

No reason to be ligher than
other TC hadrons

A ~

ATC m¢NmpNO(ATc)

typical TC hadron mass scale



* Techni-dilaton mass and coupling

TD mass

One candidate for WTC Caswell (1974); Banks and Zaks (1982)
1) Solving BS eq  large Nf QCD w/ two-loop beta func. having CBZ-IRFP ('

(improved) ladder approx.

6~ FF -
bound state a .

Harada et al (2003); Kurachi et al (2006)

mp M Arc

mF ~U ATCG \/a*/acr—l



* Techni-dilaton mass and coupling

TD mass

One candidate for WTC Caswell (1974); Banks and Zaks (1982)
i) Solving BS eq large Nf QCD w/ two-loop beta func. having CBZ-IRFP

(improved) ladder approx.

6~ FF -
bound state a .

Harada et al (2003); Kurachi et al (2006

mp M Arc

For a, — aer (mp/Arc — 0)

“criticality” limit

mF ~J ATCe \/a*/acr—l
Mrp >~ 1.bmp < Mp,a1 ~ 3Imp

For one-family model

Indeed, TD is light!
Mtp ~ 600 GeV



i) Ho | ograp hicTD Haba-Matsuzaki-Yamawaki(2010)

note
F’7r = O(?’)’LF)

Mrp/Fr — 0 while M, ,, /F; — constant

In “criticality” limit (mp/Arc — 0)

TD could be extremely light!



i) Ho | ograp hicTD Haba-Matsuzaki-Yamawaki(2010)

note
F’7r — O(mp)

Mrp/Fr — 0 while M, ,, /F; — constant

In “criticality” limit (mp/Arc — 0)

_______ TDcouldbe extremely light!
TD coupling (decay constant) FTD

PCDC (Partially conserved dilatation current)

F2, M2, = —4dg{67) w/ dp = 4 and 0% = 9, D"

vacuum enerqy density(83) (in ladder approx.) Miranskyetal(1989);
gy Y< O> ( PP ) Hashimoto et al(2011)

associated w/ TF mass generation

<90> Bnp () <Gz > _ NqgpNro . 4

4oy T




F’%‘DM%‘D = —4d9 <98> W/ dg — 4 and Hﬁ — 8MD“
PCDC

<98> e T DTG

implies Mrp Frp ~constant
mep TTNg

two possibilities:

(1) Non hierarchical
Mtp ~ Frp ~ mp \ relevant to LHC
- This talk

(2) Extremely hierarchical

Mrp < mp < Frp =2 light decoupled TD
(dark matter?)
—> next talk by DK Hong



Techni-dilaton signatures at LHC

Based on arXiv:1109.5448 [hep-ph]

In collaboration with




To discuss TD LHC phenomenologies:

needs to know TD couplings to SM particles

Yukawa coupling: TD —f—fbar

Gauge coupling: TD-W-W, ZZ, gluons, photons

> generated from techni-fermion (F) loops
via TD-F-F vertex

Ward-Takahashi identity for dilatation current
Bando et al (1986) 4 :f

— > (

‘ N‘I
(3 - ’7’"‘-‘771‘.)7(”‘17 -\ﬁ_,,&iu FF
Frp
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* TD couplings generated from TF loops

Yukawa couplings GFF/ff

ETC-induced
4-Fermi

¢

c%‘

Gauge couplings , W, Z g,

IIY Z 9,7



TD Lagrangian m g breaks explicitly
‘l as well as spontaneously

i Nonlinear realization of chiral and scale symmetries

Nonlinearbase: ¢ ~ (?ﬁ:) P — (3=Ym)¢/Frp
reflecting scaling : 5 = (3 — vy + 7D,) D
property of F'F’ . )

TD field ¢ 6¢ = Frp + 4V 0y

TD decay constant: ~ (0|D,(0)|o(p)) = —ipu Frp

N

Explicit breaking: “spurion” S

TC sector-dilatation current

0S =(1+4+2"9,) S (S) =



<% Chiral and scale-inv. nonlinear Lagrangian

Including suprion S
v2 _ ‘ q _ - e 0
L = “ETW(qn_s*’rm—Q)Zt.r[DMU’fD%i — (@5 Y ( LU ( ”E)f i ) R —h.c.)
f

Op(ag
— (ST ( F(a“)tr[(}?2

200 w/chiral field (only eaten NGBs

[ = o2im/vew

TD couplings

23 — )i Bp: onlylinclud_es

I9IOWW /27 = FT;D w/z techni-fermion (F) loops
- (3 - 'Ym)mf
groff = Iz
3 b Comparison w/
JTDgg = ( ;Tlm) 62558) SM Higgs couplings
JTD~~y = (3 _ ’Ym) BF(QEM) 1/UEW — (S_VWL)/FTD
ke FTD 4OdEM

upto B highly model-dep.



The LHC signatures at v/s =7 TeV

Via gluon and vector bosn fusion productions

Y&TD production cross section X branching ratio to SM Higgs one

R — 1768(p = TD) + ovar(pp  TD)] BR(TD — X)
[gGF(pP — hSI‘v‘I) + OVBF {PP — h‘SI‘u‘I}] BR{hSI'u-'I — X:I

X = WW,ZZ, gg,~vy and tt

over(pp—»TD) _ TI(TDWW) T(TD—~Z2Z) _
over(pp — hsm)  D(hsy — WW) — T(hey — 2Z) ~ WW/42

ocr(pp— TD) _ T(TD — gg) Georgi et al (1978)

= =r
oer(pp — hsm)  I'(hsm — 99) gsf

R (UGF{'EP — hsm ) - Tgg + U‘-.-"EF{PP — hsm) - ?'WW;EE) X
X =
UGF{PF — hsm} + OvRF I::pp — h-gmjl BR

’ x _ BR(TD = X)
nown BR™ BR(hsy — X)




5% Evaluate TWW/zZZ fr'ggand T)B<R for typical TC models

One-doublet model (2DM)

Farhi et al (1981)

Total # of techni-fermions

TFew | SU@B). | SU2)L | U(l)y
( U ) 1 ; ; Ntr = (NTF)EW —singlet + 2Np
D L
Ur 1 1 1/2 w/ critical # for mass generatio
Dp 1 1 -1/2 iINnWTC
NTF ~ 4NTC
One-family model (1FM) Appelequist et al (1556)
T\ Far SU3). | SUR2). | ULy
U
QL = ) 3 2 1/6
D I
L, = ( g )1 1 2 “1/2
Upr 3 1 2/3
Dy 3 1 -1/3
N r 1 1 0O
Fr 1 1 —1




% Use PCDC and PS formula in ladder approxﬂ: Fix Frpand m g
Hashimoto et al (2010)

PCDC (Partially Conserved Dilatation Current)

NrpN
Fio M2y ~ 3.0 ( TQFWQTC) m.

Pagels-Storkar (PS) formula vEW = VND I

VEW | Nre 1/2 Np 1/2
~ ().41 ‘
mg 3 1

\ —1/2 ;A7\ —1/2 f
A N w/ use o
or = e (%) ()

_J 735(600) Gev for the 1DM (Np = 1) with Npc = 2(3)
=\ 367(300) GeV for the 1FM (Np = 4) with Npc = 2(3)




|2

<% TD decay constant (larger than F,. )
E - MrT[]. v N{‘[}
{ 5.7 G—D% for the 1DMs with Nyp =~ 4Npe and F, = 246 GeV
2' Mt
-essentially due to smallness of M

10 70 ( - ) ki
600 GeV for the 1FMs with Npp =~ 4Npc and F, = 123 GeV
<% TDYukawa coupling (2DM: suppressed; 1FM :comparable)

]

grDff (3 = Ym)VEW
Ghen f f Frp

Tm21
3= 1) X {018 stly)  for the IDM with Nyp ~ 4Nrc
m | Y, ™ EIT]_

for the 1FM with Ntp ~ 4Npc

|

E:E][ZIG -V )



Y& TD branching fraction relative to SM Higgs one

Model | Nt ran’ réé reh IBR riR
IDM | 2 1.0 1.0 1.0 1.0 0.92
3 1.0 1.0 1.0 0.80 1.0
IEM | 2 1.0 0.99 1.0
3 0.99 0.99 0.99

for MTD = 600 GeV

® WW,ZZ, ttbar modes: almost identical to SM Higgs

® gg, gamma gamma modes: (1.DM) identical to SM Higgs
(21FM) enhanced due to

extra QCD/EM-charged techni-fermions



/s =7TeV

& TD production cross section relative to SM Higgs one

TD STD
Model| Ntc ;Li: L= e Tg9 = :;ééii rWw/zz = ﬁ
IDM | 2 0.35 0.12 0.12

3 0.35 0.12
IFM | 2 1.4 1.9

3 1.4 1.9

for MTD = 600 GeV

® 1DM: Both GF & VBF are suppressed
due to suppression of TD Yukawa coupling

® 1FM: VBF is comparable to SM Higgs one;
GF is enhanced dueto
extra techni-quark contributions



\/s=7TeV

Y& pp->TD -> X signatures relative to SM Higgs one
X = WW,ZZ, gg,vy and tt

Model| Nrel  Rww Ryy Ryq R, R,
IDM | 2 0.12 0.12 0.12 0.095 0.12
3 0.12 0.12 0.12 0.097 0.12
I' 9 26 2% 114 85 2%
— | 3 73 73 3300 340 73

for Mtp = 600 GeV

® 1DM: all TD signals are suppressed

due to suppression of production cross section

® 1FM: all TD signals are enhanced

due to enhancement of production cross section




* pp->TD ->WW)/ZZ for1DM

1DM with Ntc=2(solid).3(dashed)
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| e limit from ATLAS

| e Jimit from CMS
0001
200 400 600

Mrp(GeV)
® consistent thanksto large suppression of TD Yukawa coupling

e toosmall to be seen, though.




* ->TD ->WW/ZZ for 1FM Js = 7TeV

1FM with Nt-=2(solid).3(dashed)

expects

N g

limit from ATLAS
limit from CMS

=
=
I\
-
3
as)
X

-
3

T s }{BRU’!S“—PWW}

400 600
Mp(GeV)

® excludes TD upto M_TD < 600 GeV

e Onthe otherside of the same coin:
TD will be seen at M_TD > 600 GeV!




* pp->TD -> gamma gamma for 1FM

1FM with Ntc=2(solid).3(dashed)

r R
Characteristic

\signature

[ |
e
=,
R
T
-
-
.
M
X
=)
S

600
Myp(GeV)

CYREI(OIV (e MCTINCIAVANN ) x BR(TD — ~v) ~ 0.10 (1.0) fb
1M

comparable with SM Higgs golden mode (around 600 GeV)

pp — hsy — ZZ — 1717171 ~ 1 1b



Summary

% LHC will soon reveal what the key particle for origin
of mass is. Current data implies composite dynamics.
Walking TC predicts a light composite scalar, TD -- which
arises as pNGB for SSB of scale symm.

v TD signatures at LHC: The characteristic difference
from the SM Higgs will be seen through
WW)/ZZ, gamma gamma modes at around
the TD mass > 600 GeV (for 1FM).



Back up slides

1FM with Ntc=2(solid),3(dashed)
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