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. Overview

SLAC Summer Institute 2002, H. Georgi ---

The motivation
there Is pretty s

or little Higgs models Is that

‘rong circumstantial evidence
from the success of the Standard Model at the
evel of radiative corrections that the Higgs boson

exists with a mass small compared to | leV.

~ iR~

We want "natural’ cancellation of quadratic
divergence --- not fine tuning!



| . Overview

Natural cancellation Z#C Z 9 5B 1R 2n (3 -
X FIV [

Little Higgs model DIRFEZFD 1 :
DY global XINE G Z 5D

Little Higgs model DIRTEZ D 2
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| . Overview

Little Higgs model DIRTEZ D 3 :
G/H @D NG boson (C Higgs doublet
E identify CTEH5HDHNFET S

Little Higgs model DIRTEZ D 4 .
Higgs (C small mass =5 2. %

explicit breaking DNMFET 5

(collective symmetry breaking)



|. Overview
Little Higgs model ® TXJLF—XT — )L DEE

~|0TeV —BEDOHY ~AT

non-linear 0 model @ 47171

\/
~| TeV — G/H @Adecay const, new particle mass

collective symmetry breaking

~100GeV — Higgs mass



| . Overview

Little Higgs model & (7R ICHZ
FEHTEDE - - -

* G/H gauged non-linear sigma model + fermion
- Higgs (& pseudo NG boson

- Collective symmetry breaking H' Higgs mass

D radiative correction % il ]
- EWSB [& Coleman-Weinberg HJ|C



2. Collective symmetry breaking

Deconstruction )5 (&HE(C?) EF N
I

Arkani-Hamed KIFF 2= > TWFX U Tz,

N\

N. Arkani-Hamed, A.G. Cohen and H. Georgi,
" " (De)constructing dimensions, '’

Phys. Rev. Lett. 86, 4757 (2001)
L[arXiv:hep—th/OlO4005].

rN. Arkani-Hamed, A.G. Cohen and H. Georgi,

" "Electroweak symmetry breaking from dimensional deconstruction,
Phys. Lett. B513, 232 (2001)

[arXiv:hep-ph/0105239].




Collective symmetry breaking V7% L \5l

77 — 7% mass difference

in the Chiral Lagrangian + QED

G = SU(Q)L X SU(Q)R
H=SUQ2)y — 7 OEHET—ItTEHIElcLD
U(1)Em [T explicit [CR /315

L= fZQTr [(DMU)Jr (D“U)}

,7_3 7_3
where D,U = 9,U — z‘e?BMUJrieU?BM

U=¢e ™ ™ /I pion, B, : photon



Collective symmetry breaking V7% L \5l

2 RFEED diagram DMEITTUED Y
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where D,U = 9,U — i@EBMU—F?;@U?BM

U=¢e ™ ™ /I pion, B, : photon



Collective symmetry breaking V7% L \5l

2 RFEED diagram DMEITTUED Y
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Ty v vertex MR N N

m m
* > >

e Tr [TBUTTSU} B, B* 5 A? 5 (47Tf77)2

~ e ~ e N€2f2

(47)° (47)° i

2| Kaplan-Georgi model -- PLB 136, 183 (1984)
L=l ReRzoys~7

r

,7_3 ,7_3
where D,U = 9,U — i@EBMU+i€U7BM

\_ J

U=¢™ ™ /Ir . pion, B, : photon
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Hidden Local Symmetry (with a=1)
Bando, Kugo, Uehara, Yamawaki, Yanagida, PRL 54, 1215 (1985)
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2 RFEEZ M |-loop diagram DMHE T 7R LY
Harada, Tanabashi, Yamawaki, PLB 568, 103 (2003)
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Harada, Tanabashi, Yamawaki, PLB 568, 103 (2003)




HEAY D vector 2P UL TWTIL (Deconstruction)
FHKEEE->E&EVY1ILRIC

Dimensional deconstruction BY picture

o w o w
! 4 s Y, ) )
‘ ------- .

Y.’ —> Y.’

ENM—DTH switch off T 5 & left-right D correlation D' E 115
collective symmetry breaking == theory space locality




- BPRICIE log FEEUE TEIUEFT BZHE(FGRL
- Collective symmetry breaking DTV VXA ZHEBELTLE o
WX &R > TIEL linearr-moose ¥ 1 7D G/H fEiEIC ZcH D
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Little Higgs model & dimensional
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3. Littlest Higgs model

Arkani-Hamed, Cohen, Katz, Nelson, JHEP 0207, 034 (2002)



Littlest Higgs model

G/H=SU(5)/SO(5)




Littlest Higgs model

G/H=SU(5)/SO(5)

NG bosons




Littlest Higgs model

G/H=SU(5)/SO(5)
(SU(2) x U(1))" &= —I 1k




Littlest Higgs model

G/H=SU(5)/SO(5)

pseudo NG bosons

massive massless

gauge gauge
bosons bosons




Littlest Higgs model

G/H:SU(5)/SO(5) SM EW gauge bosons
(SU(2) x U(1))* =5 —IHE
SU(5)

pseudo NG bosons S0O(5)

SU(Q)l X U(l)l
massive assle

gauge gauge
bosons boson

SU(2)2 X U(l)g




Littlest Higgs model

G/H:SU(5)/SO(5) Higgs doublet Z &
(SUR2) < U(L) =5 =T

bseudo NG bosons

SU(Q)l X U(l)l
massive massless

gauge gauge
bosons bosons

SU(2)2 X U(l)g




Littlest Higgs model
G/H=SU(5)/SO(5)

d— VoYL & SUG) TEHT S
5x5 symmetric matrix D VEV TNt & T 5

1
(P) =3y = 1

1

24D SUGB) [ T, (a =1~ 10):unbroken T,%q+ XoT, =0
generator

X, (a=1~14):broken X,¥)—X¢X! =0

NG boson :BEZEFH D TOD X(x)= 6Z'H/fZofiiHT/f = €2iH/fZO
broken A E\®D fluctuation (H — WaXa)
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i1 % generator
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Tree-level Lagrangian: [ = L + L; + £¢

INTDIED kinetic term
top Yukawa
top LA D Yukawa



L . fermion & gauge 35D kinetic term [FE@ICA > TW3



L1 NG boson @ kinetic term

2

T tr| D, X" | where

DY = 0% — > {igiWiHQIS +2Q4") +igjB;(V;X + XY/}

J

Gl — SU(2)1 X U(l)l

Qs = (“W )

L G

Go = SU(2)2 X U(1)2

Y, = diag(—3, —3,2,2,2)/10 Y, = diag(—2, -2, 2,3, 3)/10

DT —F

B {E

mass x5 A 5 HY.

[ 9NXTD NG boson |

C



L1 NG boson @ kinetic term

2
T tr| D, X" | where

DY = 0% — > {igiWiHQIS +2Q4") +igjB;(V;X + XY/}

J

G1=5SU(2)1 xU(1),

Qs = (”W )

Y, = diag(—3, —3,2,2,2)/10

G

Q3

- SU(2)2 X U(l)g

: ( aa*/2>

Y, = diag(—2,-2,-2,3,3)/10

HU GBI nE /SU (3)1 XFFRIE

7

6 5

h B exact NG boson
THhdDIEZIREL




L1 NG boson @ kinetic term

2
1 tf|Du2\2 . where

DY = 0% — > {igiWiHQIS +2Q4") +igjB;(V;X + XY/}
j

Gl :SU(2)1 X U(l)l GQ :SU(2)2 X U(l)g
Q" — <aa/2 ) Q4 = ( s /2>
Y, = diag(—3,-3,2,2,2)/10 Y, = diag(—2,—-2,-2,3,3)/10

HU Go DRl hid SU3) [WifExdH 5

hT
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h B exact NG boson
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L1 NG boson @ kinetic term

2
T tT|DuE\2 . where

DY = 0% — > {igiWiHQIS +2Q4") +igjB;(V;X + XY/}
j

Gl :SU(2)1 X U(l)l GQ :SU(2)2 X U(l)g
Q" — <ga/2 ) Q% = ( s /2>
Y, = diag(—3,-3,2,2,2)/10 Y, = diag(—2,—-2,-2,3,3)/10

Gi1.Go OMADNEFEELTIEUSHT

SRc

Collective symmetry breaking

Sl



L1 NG boson @ kinetic term

2
1 tf|Du2\2 . where

DY = 0% — > {igiWiHQIS +2Q4") +igjB;(V;X + XY/}
j

Gl :SU(2)1 X U(l)l GQ :SU(2)2 X U(l)g
Q" — <aa/2 ) Q% = ( s /2>
Y, = diag(—3,-3,2,2,2)/10 Y, = diag(—2,—-2,-2,3,3)/10

BIRMAIC, | | ¢ (& E B 5D symmetry enhancement
@/L,\u_,—\ © 5 ‘I-j— 7Ldt L)




[,t . Top Yukawa coupling

qs3 : SM left-handed SU(2) doublet

us” :SM right-handed SU(2) singlet
@ge :a new pair of Weyl fermions
/

~

ZN5T SU(3): triplet x = (bstst) ZHHD
Lt = M f€ijk€ryXiDjeSryUs + Ao ftt® + h.c.
(i,5,k=1,2,3, z,y=4,5)
A1 X SU(3), ZRS SU(3)s % explicit [CHE S
Ao & SU(3). &IRE SU(3): & explicit [CHE S

Collective symmetry breaking




[,t . Top Yukawa coupling

2. =R L = )\1(Q3h + f??)ugc + )\fofc 4.
e #° B 1 A =)Ao Fc
field redefinition: ( s ) — Noresy ( o M ) ( . )

qs hus + \/)\%+)\%fff’c + .-

/ .
M : heavy fermion mass

A¢ : top Yukawa



[,t . Top Yukawa coupling

2. =R L = )\1(Q3h + f??)uéc + )\fofc 4.
e #° B 1 A =)Ao Fc
field redefinition: ( s ) — Noresy ( o M ) ( . )

qs hus + \/)\%+)\%fft~’c + .-

/ .
M : heavy fermion mass

A¢ : top Yukawa

A~ 1

> 2\, < /A2 03 > m/ > 2f



Electroweak Symmetry Breaking

At tree level, there is no EVWSB
EW symmetry is broken through radiative corrections

Coleman-Weinberg potential % 5T &

~

2 12 1 eX2) (g2 ;2
)\(hTh)Q, where )\:6(921+g/12 c'/c 21)(922+92/2)
91 + 91" — d/eAi + g5 + g5

quartic coupling

c, ¢ (3 UV physics [C sensitive 7& O(1) constant



Electroweak Symmetry Breaking

At tree level, there is no EVWSB
EW symmetry is broken through radiative corrections

Coleman-Weinberg potential % 5T &

quadratic term

auge . ) 392 MYy~ 1o A7 + ¢ M5% o A7
gauge . 5 {39 Mw gMévz g Mpg gMjgz
, Ao A2
scalar 1 =5 MZlog 7%
. ° SA% ) A2
fermion :  —=tm"log —



Electroweak Symmetry Breaking

At tree level, there is no EVWSB
EW symmetry is broken through radiative corrections

Coleman-Weinberg potential % 5T &

quadratic term

auge . 5 392 My % lo A7 + ¢ "My o A°
gauge . 5 {39 Mw gMévz g Mpg gMjgz
, A, A2
scalar : 5 Mlog 7%
3\ 5

fermion :  ——=tm log— «—— EWSB % trigger 9 %

s



‘ 10% fine tuning

m’' <2 TeV ( H )2 my 2
~ 200 GeV ( Jr11eV (200 GeV) )

My )2
200 GeV

My <6 Tev(

My <10 TeV



‘ 0% fine tuning

m’<2TeV( A )2 <1 TeV mpg 2
™ 200 GeV FSUTV ( 55 Gev )
Mg 2
Miy <6 TeV (200 GeV)
My 510 TeV W’ 78 £ D tree-level exchange D F WL\ T

precision EW test D'5 DHlIRDE DWW
EEEZDE. DMEDELULWDTIE?

Bl Z X csaki, Hubisz, Kribs, Meade, Terning,
" "Big corrections from a little Higgs,'' ‘jf :>> 4[ f[}anf

Phys. Rev. D67, 115002 (2003) [arXiv:hep-ph/0211124].



‘ 0% fine tuning

m’<2TeV( A )2 <1 TeV mpg 2
™ 200 GeV FSUTV ( 55 Gev )
Mg 2
Miy <6 TeV (200 GeV)
My 510 TeV W’ 78 £ D tree-level exchange D F WL\ T

precision EW test D'5 DHlIRDE DWW
EEEZDE. DMEDELULWDTIE?

Bl Z X csaki, Hubisz, Kribs, Meade, Terning,
" "Big corrections from a little Higgs,'' ‘jf :>> 4[ i[kawvr

Phys. Rev. D67, 115002 (2003) [arXiv:hep-ph/0211124].

Imposing I-parity cures the problem



4. Discussion

SLAC Summer Institute 2002, H. Georgi ---

Why didn't | find this model long ago, rather than
having to learn it from my students recently?

Partly stupidity.

Partly the kissing Mexican hat (KM

Partly | didn't know the t quark is so heavy.

) mechanism is subtle.

But MOSTLY - this represents a slightly different way of
thinking about the symmetries. If you must impose a global
symmetry, you are actually doing fine tuning.



UV complition?

Littlest

SU(5)/SO(5) SU(5) . SO(5)
(qq") 7; 0

SO(N) dynamics
INRFILEBHRTE S




UV complition?

Littlest
SU(5)/SO(5) SU(5) > SO(5)
(qq") # 0
Kaplan-Schmaltz
(SU(3)/SU(2))*>  SU(N) ? » SU(N — 1)

hard to imagine...
HAZIVT—IVBRIC KBTI TIVT?




UV complition?

Littlest
SU(5)/SO(5) SU(5) > SO(5)
(qq") # 0
Kaplan-Schmaltz
(SU(3)/SU(2))*>  SU(N) ? » SU(N — 1)

Eld. G D (SUN))" OIFE.
little Higgs & L\ D CTH QCD-like
UV complete _g-%)jj_;\i:\b\\@ D EE —g- “LittlJe. tTehcahlneirc’olor, e

JHEP 0507, 024 (2005)
[arXiv:hep-ph/0502175]




UV complition?

global: GG/H
local: F'

WoTch global 7 G x G ICHLRYT 5

(G % G)/C D SSB /

\Fe & o o o

DRCOIEETD] [ - 50 ¢ omsst HEr— I
I ZBD G OWHBF %5 — L

H 80T —Yiz0BE2EEBXRICEET
C DFENIE QCD-like IR AZFE TR IS




Signals (qualitative features)

- Weakly coupled light Higgs D1F1E

* No new strong interaction below ~10 TeV
- FTRLFIE ~TeV [CFRTE
(Z’, W, heavy top, EW triplet scalar)




LHC phenomenology

S. Matsumoto, T. Moroi and K. Tobe,

" "Testing the Littlest Higgs Model with T-parity at the Large
Hadron Collider, '’

Phys. Rev. D78, 055018 (2008)
[arXiv:0806.3837 [hep-ph]]

ILC phenomenology

E. Asakawa, M. Asano, K. Fujii, T. Kusano, S. Matsumoto,
R. Sasaki, Y. Takubo and H. Yamamoto

" "Precision Measurements of Little Higgs Parameters at the
International Linear Collider, '’

Phys. Rev. D79, 075013 (2009)
[arXiv:0901.1081 [hep-ph]]



Summary

Little Higgs 125 (& Higgs as a pseudo NG boson
EWDSMAMNR A T« 7 ZEEREI T

naturalness & 2 (CFEE L T,
TeV TEIE [Cnew particle

Cutoff (& 10 TeV

= T parity 'R UTCEDH LT

global iﬁ’T\I*_\ local XY FRE. T-parity...

DT > S artificial ?

set-ug




Summary

Little Higgs 125 (& Higgs as a pseudo NG boson
EWDSMAMNR A T« 7 ZEEREI T

naturalness & 2 (CFEE L T,
TeV TEIE [Cnew particle

Cutoff (& 10 TeV

= T parity 'R UTCEDH LT

global iﬁ’T\I*_\ local XY FRE. T-parity...

IR DN T > C S artificial ?
#t = |& Discussion session Co

set-ug




