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e R. Sekhar Chivukula, D. A. Dicus and H. J. He, “Unitarity of
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e 100 QCDOO AM20000
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e 1ODOODODOODOO (naive dimensional analysis, NDA) OO0 cp
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000 ea~0000000 AxM,=770MeV0OO0O0OO0O
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Arkani-Hamed, Cohen and Georgi, PLL B513 (2001) 232

e 1000DUD PNGBUOUOUOUOOOO 2000000000000 0O0O0O
ooogogn

T

2
MPNGB ~

e 1020000 200000000000 ONDAOOOOO

2 A® f?
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D, U, = 090,U1 —1g1V1,U1 +1ig2U1 Vo,
D, Uy = 0,Us—1g2V2, Uz +1g1UxV7,,.
Joooodgo
L = Z f—ztl’ [(DMUZ)T(DMUZ)} , Uz — €XP %TGT‘-Q
i=1,2 4 / Z
00
#(massless gauge) #(massive gauge) #(exact NGB)

1 1
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VVrr vertex 2000000000 log OO OOOO
7T\\

00ooooo bobbin

logOO0O00U0O0U0OoUooooooodo
c
5g%g§f4tr(T“U1JrTbU1)tr(TbUgT“Ug).

Joob0: N>23000000leg ooy
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e Chiral Lagrangian including 7 and p
+ Georgi’s vector limit (PRL 63 (1989) 1917)

M2, — M2, O reliable 00 00O
y) U0 (M. Harada, M. Tanabashi and K.
Yamawaki, PL B568 (2003) 103.)

e Chiral Lagrangian including 7w, p and a; + Weinberg sum rules
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.7. O UOO0OUOO
fine tuning [ [

Joodooooooodod
A 2\ A A
v
V = 5 (hTh_ ) :uihTh—l— §(hTh)2—|—const., ,ui = ——v° < 0.
2 2

v~ 250GeV = (\DOOOO00000000) |uh]| >~ (100GeV)?.

00000 UvOoOooooO Asqy D000 ooooooooooooon ,LL%
2
goouot: (Mi)bare"‘c(fT)QA%M:(,ui)renorm-

— o —— R - o - = mm e e omm omm o g o e e e e -

O000Asm > 1TeV ~4ny/|pz| 00000 (,u,%)bare O fine tuning OO0 OO 0O
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finetuning 00000000000 TeVOOOOOOOOOO new
physics 0 00000

e Technicolor (Strong Dynamics at TeV)
No elementary Higgs field.
Severely constrained by precision tests (S, T', U)

e SUSY (Weakly interacting) (= Nojiri-san’s lecture)
A lot of new particles

e Little Higgs (<= new comer)
— Weakly interacting at a TeV. Strongly interacting at 10TeV.
— New dynamics appears at ~10TeV.

— The SM Higgs is considered as a pesudo Nambu-Goldstone boson
(PNGB) of the strong dynamics at ~10TeV.
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Higgs as a PNGB

An earlier attempt:
Kaplan-Georgi model, PL. 136B (1984) 183

Assignment of SU(2)w doublet Higgs in the NG boson field of an
adjoint repr. of H

G/H = SU(3).xSU(3)r/SU(3)v, G gange = SU(2)xU(1) € H.
NLoM

5 .8
L= fztr [(DMU)T(D“U)} ; U = exp (2} ;T“vﬁ‘) :

where
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NG boson field,

8 _¢a Lh
> Tt = az—:l 2 V20 18
o=t L pf 0

¢ : SU(2)w triplet, h: SU(2)w doublet (Higgs), n: SU(2)w singlet.
Divergence in gauge boson loop,

v, 4, W
h h
Counter terms,
1 ° 1
L 2 2 a arrt L 2 2 8 SrrT
Sowewf’ ) tr [T UT"U ] + Zgvor four [T UT®U ]

a=1
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Masses of PNGBs,

3 1
R R
Mg = 2gyyciv, M = ZQI%I/CW + 193/057 M? =0.
Estimate of ¢y and cy in naive dimensional analysis,

A? ,
Cﬁ/ = C}R/ ~ (47-‘-)2 ~ f2, with A ~ 47Tf

Note: loop suppression factor 1/(4m)? cancels in cif,, cif and

= ey ~ f2 > 0.

In order to obtain vacuum with electroweak symmetry breaking, we
need
2 2 2
Mg >0, M;<0, M;>0.

We need source of PNGB mass other than the gauge interaction of
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Moreover, we need
|M?| ~ 100GeV,

with
M? = M?#(gauge) + M7 (other) < 0,

and
M} (gauge) ~ f2.

We thus need a fine-tuning in order to obtain a hierarchy
f > 100GeV

in the Kaplan-Georgi model.
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A toy model of little Higgs

Kaplan-Georgi model + little Higgs mechanism
Gauged NLoM of [SU(3) x SU(3)/SU(3)]*:

G/H = [SU(3) x SU(3)/SU(3)]?
Ggauge = Gl X GQ, Gl = SU(S), GQ = SU(Q) X U(l)

e Gauged NLoM

Lo = Z —tr (D“Uj)] : U; = exp (Q;Ta a)

D,U; = 0,U; —igs Z Vi, TU; +igs Z U;j Vs, T +ig1U; Vi, T®.

= a=1
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Massless gauge field
Ggauge N H = SU(2) x U(1), (standard model gauge field).

Other gauge bosons acquires their mass of order f.

The model satisfies the “little Higgs” condition. Counter term

>t (TU; T UN (T U T UY)
J,k
for the In A divergence.

Top Yukawa
_ ;= tr

Ly :)\f(O,O,tR)UfUQQL—|—>\fTRTL—|—h.C., QL = ( br, ) :

No A? divergence from top Yukawa

o [A|*tr [PUngUgUl] = const., P

1]
VRN
o O O
o O O
= O O
N——
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T}, is introduced so as to cancel the A? divergence.

If T, were absent, the above diagram would lead to an operator
tr [ PUTU2(1 — P)US U]
with A? divergent coefficient.

The global symmetry

Us — Usgl,, Qr — g2rQr
protect the A? divergence.

In A divergence from Top Yukawa,
o AN [Ptr [PUIUQPU;‘Ul]

Remaining problem: Self-interaction of Higgs
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Minimal moose
N.Arkani-Hamed, A.G.Cohen, E.Katz, A.E.Nelson, T.Gregoire, and
J.G.Wacker, JHEP 08 (2002) 021.

G/H = [SU(3) x SU(3)/SU(3)]*
Ggauge = G1 X Ga, G =5U(3), G2=SU(2)xU(1)
We consider two operators
Lo = fHr(AUULUTU) +f (AU ULUTDS), A =kr14+€T®, A = k14T
We first assume x = k', ¢ = ¢/ = 0 for simplicity.
® Tmassive ~ M1 — M2 + T3 — T4 aquires its mass ~ f.
® Teaten ~ M1 + T2 + T3 + 4 1S eaten by Ggauge-

e Light fields: my — w3, and m2 — 4.
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U =U{ =Us = exp [?(% + ¢2)] , V=Ul=U, =exp [%(le — ¢2)]
Lo = rkf*UUVUVT +kfHr[UVTUTV]

= wf* (tr[[U, V][UT, V1] + const.)
=  —rf*r[[U, V][U, V]'] + const.

Expanding U and V' in terms of ¢; and ¢2, we find Lo contains

Higgs self-interactions,

Lo ~ —r*ul[d1, 6a]?]
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Electroweak symmetry breaking

Little Higgs field

3 a
T 4 1
— @i | =hi
¢i ~ ; 2 V2 + T877i.
1 727
vahi |0
Top Yukawa
_ _ A
L: = Af(0,0,ir)UVQr + N fTrTr, UV =1+ ?Z
Then
o _ o tr
Li ~ Atrhyqr + AftrTrL + N fTRTL, qr = ;
L

Integrating out heavy fermions of order f,
1

\/)\2 4 ()\/)2

Tr, Tgr= (Mg + \N'Tr)

58

b1+ -



we find

Ly

AN _ 1
N\/A2+(A')2t%hi% e

The top quark loop gives negative contribution to M7 .

U
EWSB can be realized!!
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