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Plan of the Talk

s Why EWSB ?

B Symmetries and Symmetry Breaking
m Old models tor EWSB

m New models tor EWSB

m Outlook



SM : SU(3). x SU(2), x U(1)y

m Gauge theory (renormalizable)
m SM=gauge bosons + chiral fermions +
Higgs sector (or EWSB sector)
m Extremely succestul to describe Nature
down to ~10718 m (upto ~200 GeV)
m Higgs boson yet to be found
m Origin of mass is not known yet



Elementary Particle Zoo (EZE28)
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Figure 1: The ubiquitous chart of quarks, leptons, and force carriers.




In the massless limit, LH particle and RH
particle are different species.

Figure 4: Left-handed doublets, right-handed singlets of quarks and leptons.
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SM with light Higgs works pretty well!




Why EWSB ?

m Origin of masses of EW gauge bosons
(W,Z), chiral fermions, their mixings,
and CP violation within the SM

m HIggs sector has not been tested yet,
unlike the gauge sectors

m LHC @ a machine for studying EWSB
sector of the SM or Its various
extensions

m [LC : precision tests of EWSB sector



Old models for EWSB
(Before Mid 1990’s)

m Standard model Higgs
m [echnicolor

m [0Op condensate

s Many others



New models (After Mid 90’s)

m Extra dimensional origin

— EWSB by boundary conditions

— Higgsless EWSB

— Dynamical EWSB due to KK gluons
— Cocktall Solution 77

— Warped spacetime (RS-1)

— Gauge—Higgs Unification, .......

m Little Higgs : Higgs~Goldstone boson
m Fat Higgs, String motivated,.....




SYMMETRIES
AND
SYMMETRY BREAKING



Symmetries of the Nature

Exact Broken
Internal Baryon Number [Isospin,
Global Lepton Number [Flavor SU(3), etc.
Internal U(1)em SU(2), x U(1)y
Local SU(3)c SU(5), SO(10),... (?)
Spacetime |Translation : P [SUSY (?)
Global Rotation : J

Boost : K

Spacetime |General Rel. SUGRA (?)
Local




Symmetry Breaking

m Explicit SB : global symmetry
— isospin, flavor SU(3), etc.

m Spontaneous Breaking of global symmetry
- massless Nambu—Goldstone boson
— chiral symmetry in QCD : massless pion

— translational symmetry in lattice : acoustic
phonon

— rotational symmetry in ferromagnet : magnon



Symmetry Breaking (Cont’d)

m Spontaneous Breaking of local sym.
- HIggs mechanism

massless NG boson eaten by massless
gauge boson =2 massive gauge bosons

- U(1),,, symmetry in BCS SC

— p—a, mass difference in chiral models
with SU(2), x SU(2)s chiral symmetry

— Weinberg model for lepton
SU(2), x U(1)y > Massive My, M, ...



Symmetry Breaking (Cont’d)

m Anomalous breaking of global sym

- JI°2 YY

— Chiral U(1), and | " mass (m;. >> m, )
m Anomalous breaking of local sym

— |nconsistent, if present

— Anomaly cancellation in chiral gauge
theories (= Important constraint on

model buildings)
- SM : OK




History on Symmetry Breaking

m Explicit Symmetry Breaking (Isospin)
(Heisenberg; ~1930)

m BCS superconductivity (1957)

m Nambu—-Jona-Lasinio model (1961)

m Goldstone Theorem (1961, 1962)

= Higgs—Kibble mechanism (1964)

= Weinberg Model of Leptons (1967)

( Ur(1) problem, Chiral Lagrangian

(CA and PCAC), many other examples )



BEFORE MID 1990’s



SM Higgs

m Single Higgs Doublet ®(x)
V) =A(|P[2=-v2)?2

Mexican Hat Potential

m Linear Sigma model of Gell-Mann—-Levy
s MZ2~Av? and My?~ (gVv)?

m Essential Ingredient : 3 NG bosons, i.e.,

some underlying theory that breaks
global SU(2), x SU(2); > SU(2),



SM Higgs

m One unknown parameter : A
> Determines My and H® , H* couplings
> One unknown parameter : A ( or My, )
> Can be measured at ILC
= SM Higgs picture iS not a new one:
“‘Old wine In a new bottle.”

m Severe fine tuning problem

6M % ~ /¢ at one loop level

A © new physics scale

~ Mg, Mgur, OF Mgy =




Extensions with more Higgs

m Extend with more Higgs multiplets
SM Singlet or Doublet Higgs

OK with EW precision measurements at
tree level (T or Ap parameter)

s Two Higgs Doublet model (including
MSSM case) : still consistent with EW

precision test

m Spontaneous EWSB due to two VEV’s of
neutral Higgs doublets (~SM Higgs)



Fine Tuning Problem for M,

m One loop correction to M.
SM 2 ~ N2
A\ © new physics scale
~ Mg, Mgyr, OF Mpgy -+
m EW Precision Test : M, < ~200 GeV

m Has to fine tune quadratic divergence
order by order in perturbation theory to
get My ~ EW scale

- Naturalness Problem



Solving Fine Tuning Problem

= Dimensional Transmutation (e.g. QCD)
Moroton ~ Mp; exp(=8 112 / g2 b ) << Mp
without any severe fine tuning
- Technicolor, Composite HIggs, -

m SUSY : gquantum corrections under control,
but has the u—problem (tree level)

= Warped spacetime AdS; (RS-I)
m Little Higgs (Talk by J. Song),
m Other ideas (conformal sym, ....)



Technicolor
(Susskind, Weinberg, Fahri, ...)

m Analogy to QCD with chiral symmetry
breaking : SU(2),_ x SU(2); > SU(2),

m New confining strong interaction
(Technicolor) acting on New Fermions

(Techniguarks and Technileptons)
s 3 N.G. Bosons (~ 1t’s)




Technicolor (Cont’d)

m \When gauged, these techni pions are eaten
by gauge bosons (Higgs mechanism)

m Difficult to construct realistic models

— Strongly Interacting theory : perturbative
method does not work

— Especially for the fermion masses (Extended,
Walking,....) without FCNC problem

m EW precision test : strong constraint

m Naive versions are excluded by EW precision
tests (Peskin, Takeuchi)



Technicolor (Cont’d)

m Predictions : many TC resonance around
weak scale — TeV - Collider Signals

decay width (GeV)

1’._4“ |~ 11;' 1||||

Table 1: Estimated properties of lowest-lying (psendo-) scalar and (axial-) vector mesons in
the minim: ll TC model with a single iln ctroweak doublet of te chniquarks Np = 1. "-'F = 4,
and ¢ = /3/Nt = 'i..i'."."i'.i. We Tihi r = Ar/Agep = 1.5 x 10%, and Agep = 'IIH MeV, and
s= fr/Fr=5T7x 1077, 1 where fr = 100MeV, Fr = 175 Ge ". The combination r*s% = 1.1 = 10°
frequently occurs. [:::1_] These are estimates ilnm the discussion of [104] .




Techni rho production

dg/dM [nb/(GeVic 3]

-6
10 pp —> WW + anything

_g — —
10 14 16 18 2.0 WWmass(TeVic?)

Figure 3: Vector Meson Dominance production of techni-p with subsequent decay to W17 in
pp collider with center-of-mass energies, 20, 40 and 100 TeV (from EHL(Q) [157]).



Composite Higgs
(Mid 80’s by Georgi and Kaplan)

m Higgs — Goldstone boson of some
spontaneously broken global symmetry

m Again analogy to low energy QCD

m HIggs IS composite =2 No hierarchy
problem

m Again, difficult to construct realistic
model (especially fermion mass
problem)

m Reincarnation In form of Little HIggs



Bardeen—Hill-Lindner Model

m [Op quark IS very heavy - can be
sensitive to the EWSB mechanism

m Assume Nambu—-Jona-Lasinio (NJL)
type attractive 4—fermion interaction,
which make ttbar condenses and
breaks chiral symmetry or SM

(cf. Similar to ggbar condensates break
chiral symmetry of QCD)

m HIggs ~— t tbar bound state



BHL Model (Cont’d)

L = Lhm + G(‘Iitﬂfﬂwiﬁ)
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Predictions of BHL model

3 generation case

m'
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BHL model (Cont’d)

= [wo Main Problems

* Too heavy m, (> 200 GeV)
—> Can be solved if there Is a fundamental
Higgs In addition to DynEWSB

> Partially composite Higgs (Talk by D.Jung)

* NJL Interactions : ad hoc in BHL model

—> Can be generic in extra dimension
scenarios (Dobrescu et al ; Yamawaki et al |,
for flat extra dim case ; Rius and Sanz for RS
scenario ; Realistic model building In
progress)



BHL model (Cont’d)

B Some extensions
— Two Higgs Doublet Model (Luty)

— SUSY Version (Carena et al.) : can
accommodate realistic top mass

- BHL + One Fundamental Higgs
(Chung,Jung,Ko,Lee, JHEP (2006))

Cf) For Other Dyn EWSB models, see
Phys. Rep. by C.HIll and E.Simmons.



AFTER MID 1990’s



Barbieri—Hall-Nomura model

m 5 dN=1 SUSY with
S'/Z, x Z, orbifold

s More symmetry (N=2
SUSY in 4d)

m More constraints

m Calculability of
HIggsS Mass

m Radiative EWSB
= Many new states




Spectrum in BHN model

Uar. d H har. 1) hE ahS b
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Neff 1< 4 2 |[TX
_ dz 2% d coth? |-
128R2L e {"“ [2}
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647t RZ2

- l
=341 GeViglmy = Mz (1 - -~ cos|TRmy)) ~ 127 GeV




BHN model (Cont’d)

m |ncluding various uncertainties,
1/R = (852 +— 20) GeV
My = (127 += 8 += 2 ) GeV
m Low Energy EFT :
One Higgs Doublet + 2 superpartners for
each SM particles
(Very different from MSSM)
= LSP and NLSP : stops with ~(197 +- 20) GeV
m 6 Charginos and 6 Neutralinos : heavier
(1/R = 352 GeV, 364 GeV, 370 GeV)



BHN model (Cont’d)

m Exotic hadrons with stops are collider
signatures ot this model

m Similar to GMSB with stop NLSP
m Current bound from Tevatron > 150 GeV
m Many works in similar approaches

(BHN ; Arkani—Hamed et al. ; Nilles et

al.; Dobado et al ; Quiros et al, Many
others ...... )



Higgsless EWSB in Extra dim
(EWSB by boundary conditions)

m Folklore . Tree level unitarity in WL WL
elastic scattering Is achieved by Higgs
pboson : B.W.Lee, C. Quigg, H.B.Thacker
(1977)




Gauge boson scattering

(re) (12 () (1)
contact interaction s channel exchange

(1) (1)
(i) (1)

(e ) (1) (72) (1) el

t channel exchange u channel exchange




Sum Rules

AW = ( L T T a) (34 6 cosfl — cos” ) + 2(3 — cos” ) f° £




Higgless EWSB (cont’d)

m SO, the folklore is evaded, if there are
Infinitely many KK modes and the sum
rules are satisfied (Csaki, Gorjean,
Murayama, Pilo and Terning (2003))

m [ree |level unitarity violation is delayed
m Realistic Model Building by Caski et al.

m W,Z : the 18t KK modes of the gauge
fields in the bulk, and the 0" KK modes
are projected out by suitable BC’s



Higgless EWSB (cont’d)

m Detailed model buildings In flat and
warped extra dimensions available

m EW precision tests stringent

— Joo large S parameter : can be made
small by moditying the light fermion
sfructure

— Large shift in Zbbar coupling with heavy
top mass : need to be resolved



Higgsless EWSB (cont’d
Birkedal, Matchev, Perelstein, PRL (2005)
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Dynamical EWSB in Extra Dim

m NJL model assumes ad hoc 4—fermion
interactions for triggering EWSB

m Natural it gauge fields live in the bulk

due to KK gluon exchange (Dobrescu ;
Cheng, Dobrescu, Hill ; Yamawaki et al. )

m BHL picture can work without introducing
new interactions beyond the SM gauge
interaction, It there are extra dimensional
space with bulk gauge fields and the 3
generation fermion in the bulk



Dyn. EWSB in Extra Dim (Cont’d)

14 7

m ‘c” sums all the contributions from KK

gluons, thus depends on the number of
extra dim, and compactification radii.



Dyn. EWSB in Extra Dim (cont’d)

m Yamawaki et al. considered more
careful analysis within flat extra dim.

m RiUus and Sanz considered the same
problem within RS—1 with gauge tields
and ti In the bulk, and other fields on
the TeV brane.

m More realistic model building possible ?



Cocktail Solutions ?

s W/Z mass may be from
— fundamental Higgs VEV
— nontrivial BC
— dynamical EWSB

* All of them are generic within extra
dimension scenarios

(Similar to SUSY : SUGRA + GMSB + ...)

m Difficult to distinguish from the
dominance of a single source of EWSB




New (Non SUSY) Physics Search

m Well motivated New Physics Scenarios
other than SUSY 7
m Guidelines ( Prejudice ? )

— Solve Hierarchy Problem ( Longtime
Holy Grail = Ignored in split SUSY)

— Gauge Coupling Unification

— Dark Matter Candidate (Neutralino,
Gravitino, Axion, Axino, etc. )



Scores of some models

SM SUSY RS—|
Quad Div. |Problem Yes(SUSY) [Yes (warp
factor)
M,, << Mg, |Problem  [Mu Yes (warp
problem factor)
CHORVS NO Yes Yes
Cold Ne Neutralino, |Yes , If
DM (axion ?) |gravitino, |grand
axion ? unified




Randall-Sundrum Scenario

IR (TeV)

Figure 1: A slice of AdSs: The Randall-Sundrum scenario.
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SM In the bulk in RS

UV (M,) IR (TeV)

Figure 2: The Standard Model in the warped five-dimensional bulk.

s GCU without SUSY

m Fermion mass hierarchy from geometry with
O(1) Yukawa couplings



G.C.U. without SUSY in RS-
(Agashe, Delgado and Sundrum)
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Figure 3 Bunning couplings (a1} with respect to energy scale (M) for BS1 with Ay =

£ 105 of differential running contributicns in the SM.




RS model

m [herefore I'd like to consider the RS

scenario more seriously, since it has
similar merits and less (?) drawbacks
compared with MSSM

m Put gauge fields in the bulk 2> G.C.U.
m Put fermions in the bulk =2 G.C.U.
m Put Higgs on the TeV brane

m Extend the gauge group including
SU(2); > T parameter protected




RS-I model (cont’d)

m Kaluza Klein Graviton (with a few TeV
mass) production at LHC and ILC

(Hewett and Rizzo, ...) >DY Dilepton
m Higgs — Radion Mixing
m HIggs palr production
® g (~ a few TeV) production

(work in progress)

m /P : RHN with fractional baryon
number (Agashe and Servant)

Collider signature 7



Dilepton signals in RS scenario
(Matthews, Ravindran, Sridhar)




Outlooks

m Many interesting ideas proposed so far
during the last few decades, but no
experimental tests available yet, and not
so compelling models

m Generation of fermion masses without
FCNC Is not so easy, like SUSY models

m Could be due to our limited imagination

m Nature could be smart enough to show
the way of mass generation and EWSB
in a completely unexpected way



Outlooks (Cont’d)

m LHC/ILC will be necessity to test these
fascinating ideas, and deeper
understanding of the origin of EWSB,
namely masses, mixings and CPV

m New physics may be around the corner,
but could be In a surprising disguise

m Let Us hope to find something new and
exciting at LHC and ILC



