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ELECTROWEAK SYMMETRY BREAKING CIRCA 2005
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Recent progress in both the experimental and theoretical explorations of electroweak symmetry break-
ing is surveyed.

1 Introduction

Particle physicists have a Standard Model

of electroweak interactions which describes

a large number of measurements extraordi-

narily well at energies on the few hundred

GeV scale. In fact, we have become ex-

tremely blasé about tables such as that of

Fig. 1,1 which shows an impressive agree-

ment between experiment and theory. Vir-

tual probes, using the sensitivity of rare de-

cays to high scale physics, are also in good

agreement with the predictions of the Stan-

dard Model. This agreement, however, as-

sumes the existence of a light, scalar Higgs

boson, without which the theory is incom-

plete. There has thus been an intense experi-

mental effort at the Tevatron aimed at discov-

ering either the Standard Model Higgs boson

or one of the Higgs bosons associated with the

minimal supersymmetric model (MSSM).

In the Standard Model, using GF , α, and

MZ as inputs, along with the fermion masses,

theW mass is a predicted quantity. The com-

parison between the prediction and the mea-

sured value can not only be used to check

the consistency of the theory, but also to in-

fer limits on possible extentions of the Stan-

dard Model. The relationship between MW

and Mt is shown in Fig. 2. The curve la-

belled “old” does not include the new values

(as of Summer, 2005), for the W mass and

width from LEP-2 and the new mass of the

top quark from the Tevatron. (These new

values are reflected in Fig. 1.)

The measurements of Fig. 1 can be used

to extract limits on the mass of a Standard

Model Higgs boson. The limit on the Higgs

boson mass depends quadratically on the top

quark mass and logarithmically on the Higgs

boson mass, making the limit exquisitely sen-

sitive to the top quark mass. The limit is also

quite sensitive to which pieces of data are in-

cluded in the analysis. The fit of Fig. 2 in-

cludes only the high energy data and so does

not include results from NuTeV or atomic

parity violation.

The precision electroweak measurements

of Fig. 1 give a 95% confidence level upper

limit on the value of the Higgs boson mass

of,1

MH < 186 GeV. (1)

If the LEP-2 direct search limit of MH >

114 GeV is included, the limit increases to

MH < 219 GeV. (2)

Both CDF and D0 have presented ex-

perimental limits on the production rate for

a Standard Model Higgs boson, which are

shown in Fig. 3.2 For most channels, the

limits are still several orders of magnitude

away from the predicted cross sections in the

Standard Model. With an integrated lumi-

nosity of 4 fb−1 (8 fb−1), the 95% exclu-

sion limit will increase to MH > 130 GeV

(MH > 135 GeV ). A much more optimistic

viewpoint is to note that with 4 fb−1 there is

a 35% chance that the Tevatron will find 3σ

evidence for a Higgs boson with a mass up to

MH = 130 GeV .

Despite the impressive agreement be-

tween the precision electroweak data and

the theoretical predictions of the Standard

http://arXiv.org/abs/hep-ph/0510385v1
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959

σhad [nb]σ0 41.540 ± 0.037 41.478

RlRl 20.767 ± 0.025 20.742

AfbA0,l 0.01714 ± 0.00095 0.01643

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.410 ± 0.032 80.377

ΓW [GeV]ΓW [GeV] 2.123 ± 0.067 2.092

mt [GeV]mt [GeV] 172.7 ± 2.9 173.3

Figure 1. Precision electroweak measurements and
the best theoretical fit to the Standard Model as of
September, 2005. Also shown is the deviation of the
fit for each measurement from the value predicted
using the parameters of the central value of the fit[1].
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Figure 2. The relationship between MW and Mt in
the Standard Model. The curve labelled “old” does
not include the Summer, 2005 updates on the W bo-
son mass and width from LEP-2 and the new top
quark mass from the Tevatron[1].
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Figure 3. CDF and D0 limits on the production cross
section times the branching ratios for various Higgs
boson production channels as a function of the Higgs
boson mass, along with the Standard Model expec-
tations for each channel[2].

Model with a light Higgs boson, theorists

have been busy inventing new models where

mechanisms other than a light Higgs boson

are responsible for the electroweak symmetry

breaking. We begin in Section 2 by reviewing

the theoretical arguments for the existence

of a Higgs boson and continue in Section 3 to

discuss the reasons why a light Higgs boson is

unattractive to many theorists. In the follow-

ing sections, we review a sampling of models

of electroweak symmetry breaking.

2 Who needs a Higgs Boson?

The Standard Model requires a Higgs bo-

son for consistency with precision electroweak

data, as is clear from Fig. 2. The Standard

Model Higgs boson also serves two additional

critical functions.

The first is to generate gauge invariant

masses for the fermions. Since left- (ψL) and

right- (ψR) handed fermions transform differ-

ently under the chiral SU(2)L×U(1)Y gauge

groups, a mass term of the form

Lmass ∼ mf

(

ψLψR + ψRψL

)

(3)
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Figure 4. Feynman diagrams contributing to the pro-
cess W+W− → W+W− with the Higgs boson re-
moved from the theory.

is forbidden by the gauge symmetry. A Higgs

doublet, Φ, with a vacuum expectation value,

v, generates a mass term of the required form,

Lmass ∼ mf

v

(

ψLΦψR + ψRΦ†ψL

)

. (4)

The second important role of the Stan-

dard Model Higgs boson is to unitarize the

gauge boson scattering amplitudes. The

J = 0 partial wave amplitude for the process

W+W− → W+W− (Fig. 4) grows with en-

ergy when the Higgs boson is not included in

the amplitude and violates partial wave uni-

tarity at an energy around E ∼ 1.6 TeV .3

The Higgs boson has just the right couplings

to the gauge bosons to restore partial wave

unitarity as long as the Higgs boson mass is

less than around MH < 800 GeV . With a

Higgs boson satisfying this limit, the Stan-

dard Model preserves unitarity at high ener-

gies and is weakly interacting.

3 Problems in Paradise

The Standard Model is theoretically unsatis-

factory, however, because when loop correc-

tions are included, the Higgs boson mass con-

tains a quadratic dependence on physics at

some unknown higher energy scale, Λ. When

the one-loop corrections to the Higgs boson

Table 1. Representative limits (90 % c.l.) on the scale
of new dimension-6 operators corresponding to L =
Oi/Λ2[4].

Operator, Oi Λmin (TeV )

LEP H†τHW a
µνB

µν 10

LEP-2 eγµelγ
µl 5

Flavor H†dRσµνqLF
µν 9

mass, δM2
H , are computed we find,

δM2
H =

GF Λ2

4
√

2π2

(

6M2
W + 3M2

Z +M2
H − 12M2

t

)

∼ −
(

Λ

.7 TeV
200 GeV

)2

. (5)

In order to have a light Higgs boson as re-

quired by the precision electroweak measure-

ments, the scale Λ must be near 1 TeV . The

quantum corrections thus suggest that there

must be some new physics lurking at the TeV

scale.

We therefore need new physics at the

1 TeV scale to get a light Higgs boson. How-

ever, much of the possible new physics at

this scale is already excluded experimentally.

A model independent analysis which looked

at various dimension-6 operators found that

typically new physics cannot occur below a

scale Λ > 5 TeV . A representative sam-

pling of limits on possible dimension-6 oper-

ators is shown in Table 1 and a more complete

list can be found in Ref.[3]. This tension be-

tween needing a low scale Λ for new physics

in order to get a light Higgs boson and the

experimental exclusion of much possible new

physics at the TeV scale has been dubbed the

“little hierarchy problem”. However, a global

fit to 21 flavor- and CP- conserving operators

found that there are certain directions in pa-

rameter space where the limit on Λ can be

lowered considerably5 (even to below 1 TeV )

raising the possibility that in specific models

the “little hierarchy problem” may not be a

problem at all.

In recent years, there have been a vari-
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ety of creative new models constructed which

attempt to find a mechanism to lower the

scale Λ, while at the same time not violat-

ing the existing experimental limits. Super-

symmetric models are the trusty standard

for addressing this problem and we discuss

progress and variations on the minimal su-

persymmetric model in the next section. In

the following sections, we discuss attempts

to address electroweak symmetry breaking

with Little Higgs models7,8 and with Hig-

gsless models.6 There are many other novel

models for electroweak symmetry breaking–

fat Higgs models,9 strong electroweak sym-

metry breaking10 (and many more!) –which

will not be addressed here due to space limi-

tations.

4 Supersymmetry

The classic model of new physics at the TeV

scale is supersymmetry, where a cancellation

between the contributions of the Standard

Model particles and the new partner particles

of a supersymmetric model keeps the Higgs

boson mass at the TeV scale. This cancel-

lation occurs as long as the supersymmetric

partner particles have masses on the order of

the weak scale. For example, the top quark

contribution to Eq. 5 becomes,13

δM2
H ∼ GF Λ2

(

M2
t − m̃2

t1,t2

)

, (6)

where m̃t1,t2 are the masses of the scalar part-

ners of the top quark.

The simplest version of a supersymmet-

ric model, the MSSM, has many positive as-

pects:

• The MSSM predicts gauge coupling uni-

fication at the GUT scale.

• The MSSM contains a dark matter can-

didate, the LSP (Lightest Supersymmet-

ric Particle).

• The MSSM predicts a light Higgs boson,

MH < 140 GeV .
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heavy SUSY

Heinemeyer, Weiglein ’04

experimental errors 68% CL:

LEP2/Tevatron (today)

Tevatron/LHC

LC+GigaZ

Figure 5. Fit to precision electroweak data in the
MSSM. The curve labelled heavy SUSY assumes the
supersymmetric parameters are set at 2 TeV [11].

• The MSSM agrees with precision elec-

troweak measurements.11

The fit to the electroweak precision data can

be performed in the context of the MSSM

and is shown in Fig. 5 for supersymmetric

partner masses below 2 TeV . The MSSM

with supersymmetric partner particles in the

1− 2 TeV region is actually a slightly better

statistical fit to the data than the Standard

Model.14

There are also many negative things

about the supersymmetric model, the most

obvious of which is: Where is it?

In the MSSM, the lightest Higgs boson

mass has a theoretical upper bound,

M2
H < M2

Z cos2 2β

+
3GFM

4
t√

2π2 sin2 β
log

(

m̃t1m̃t2

M2
t

)

, (7)

where tanβ is the ratio of the neutral Higgs

boson vacuum expectation values. Requir-

ing that the Higgs boson mass satisfy the

LEP direct search limit, MH > 114 GeV , im-

plies that the stop squarks must be relatively

heavy,12

m̃t1m̃t2 > (950 GeV )2. (8)

However, the supersymmetric partner parti-

cles in the MSSM are naturally on the order

of the weak scale, so there is a tension be-

tween the desire for them to be light (to fill

their required role in cancelling the quadratic

contributions to the Higg boson mass as in

Eq. 6 ) and the limit of Eq. 8.
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MSSM, tan� = 40
�0 = mb +Mh0=20:2�0 < � < �0NLO MCFM, gb! bh0NLO, gg; qq ! b(b)h0Tevatron, ps = 1:96 TeV

Mh0 [GeV℄

�NLO [pb℄

130125120115110105100

10
1

Figure 6. Total next-to-leading order cross section in
the MSSM for bH production at the Tevatron. The
bands show the renormalization/factorization depen-
dence. The solid (red) curves correspond to the four-
flavor number scheme with no b partons, and the
dotted (blue) curves are the prediction from the five-
flavor number scheme with b partons in the initial
state[15].
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Figure 7. 95% c.l. upper limit from the D0 exper-
iment at the Tevatron on tan β in the MSSM from

gg → bbφ, where φ is any of the three neutral Higgs
bosons of the MSSM[17].

The couplings of the Higgs boson to the

bottom quark are enhanced in the MSSM

for large values of tanβ and the dominant

production mechanism becomes gg → bbH ,

where 0, 1, or 2 b quarks are tagged.15,16

Fig. 6 shows the total next-to-leading order

cross section for bH production at the Teva-

tron as a function of the mass of the lightest

Higgs boson of the MSSM for tanβ = 40.15

D0 has a new limit on this process, which is

shown in Fig.7.17

Many variants of the MSSM have been

constructed. One of the simplest is the

NMSSM (next-to-minimal- supersymmetric

model) which is obtained by adding a Higgs

singlet superfield Ŝ to the MSSM.18,19 The

superpotential in the NMSSM is,

W = WMSSM + λĤ1Ĥ2Ŝ +
κ

3
Ŝ3, (9)

where Ĥ1 and Ĥ2 are the Higgs doublet su-

perfields of the MSSM, and Ŝ is the Higgs sin-

glet superfield. When the scalar component

of the singlet, S, gets a vacuum expectation

value, the term λĤ1Ĥ2 < S > in the su-

perpotential naturally generates the µĤ1Ĥ2

term of the MSSM superpotential and it is

straightforward to understand why µ ∼ MZ .

This is the major motivation for constructing

the NMSSM.

In the NMSSM model, the bound on the

lightest Higgs boson mass becomes,

M2
H < M2

Z cos2 2β + v2λ2 sin2 2β

+1-loop corrections, (10)

and the lightest Higgs boson can be signifi-

cantly heavier than in the MSSM. If we fur-

ther assume that the couplings remain per-

turbative to the GUT scale, the theoreti-

cal upper bound on the lightest Higgs boson

mass becomes MH < 150 GeV .20

The phenomenology in the NMSSM is

significantly different than in the MSSM.

There are three neutral Higgs bosons and

two pseudoscalar Higgs bosons. A typical

scenario for the masses is shown in Fig. 8.

New decays such as the Higgs pseudoscalar

into two scalar Higgs bosons are possible and

changes the LHC Higgs search strategies. In

addition, the lightest Higgs boson can have

a large CP-odd component and so can evade

the LEP bound on MH .18,19

The minimal version of the MSSM con-

serves CP, but CP violation in the Higgs

sector can easily be accommodated in the

MSSM. Non-zero phases in the scalar tri-

linear couplings can generate large CP vio-

lating effects from radiative corrections, es-

pecially those involving the third generation.

If there is CP violation in the Higgs sector of

the MSSM, then the three neutral Higgs mass
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Figure 8. Typical mass scenario for the Higgs bosons
in the NMSSM with tan β = 3. The region between
the vertical lines (denoted by arrows) is the region
allowed by vacuum stability[19].

eigenstates, H1, H2, and H3, are mixtures of

the CP- even and CP- odd Higgs states.21

The production and decay properties of the

Higgs bosons can be very different from those

of the Higgs bosons in the CP conserving ver-

sion of the MSSM since the CP- odd compo-

nents of the Higgs mass eigenstates do not

couple to the Z boson.

Experimental searches for the Higgs bo-

son in a version of the MSSM with CP viola-

tion in the Higgs sector have been performed

by the LEP collaborations22 using the bench-

mark parameters of the CPX model.21 For

large values of MH2
, H1 is almost completely

CP- even and the exclusion limit for the light-

est Higgs boson mass is similar to the CP

conserving limit. If MH2
> 130 GeV , then

MH1
> 113 GeV . For lighter MH2

, the H1

has a large mixture of the CP- odd compo-

nent and the result is that there are unex-

cluded regions in the MH1
− tanβ parame-

ter space and the excluded region disappears

completely for 4 < tanβ < 10. At 95% c.l.,

tanβ < 3.5 and MH1
< 114 GeV and also

tanβ > 2.6 are excluded in the CPX sce-

nario.a

It is interesting to compare the excluded

regions in the MH1
− tanβ plane for the CP

conserving and CP nonconserving versions of

the MSSM, as shown in Figs. 9 and 10. We

observe that the shape of the excluded region

is significantly different in the two cases. As

aThese limits assume Mt = 179.3 GeV [22].

1

10

0 20 40 60 80 100 120 140

1

10

mh (GeV/c2)

ta
nβ

Excluded
by LEP

Theoretically
Inaccessible

mh-max

(b)

Figure 9. Excluded region in the MH1
-tan β plane in

the CP conserving version of the MSSM. The light
(dark) green is the 95 % (97 %cl) exclused region in
the MH(max) benchmark scenario. The solid lines
from left to right vary the top quark mass: Mt =
169.3, 174.3, 179.3 and 183 GeV [21].
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Figure 10. Excluded region in the MH1
−tan β plane

in the CPX CP violating version of the MSSM. The
curves are as in Fig. 9[21].

noted in Ref.[22], the limit is extremely sensi-

tive to small variations in the top quark mass.

5 Little Higgs Models

Little Higgs models7,8 are an attempt to ad-

dress the hierarchy problem by cancelling the

quadratic contributions to the Higgs boson

mass in the Standard Model with the contri-

butions resulting from the addition of new

particles which are assumed to exist at a

scale around 1 − 3 TeV . The cancellation of

the quadratic contributions occurs between

states with the same spin statistics. Thus
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Higgs model resulting from the decay ZH → ZH for
ZH = 2 TeV . The lower dotted histogram is the
background[26].

contributions to Eq. 5 from the Standard

ModelW , Z, and photon are cancelled by the

contributions from new heavy gauge bosons,

WH , ZH andAH , with Standard Model quan-

tum numbers, while Standard Model contri-

butions from the top quark are cancelled by

those from a heavy charge 2/3 top-like quark,

and those from the Higgs doublet by contri-

butions from a scalar triplet. A clear predic-

tion of the Little Higgs models is the exis-

tence of these new particles. Decays such as

ZH → ZH should be particularly distinctive8

as demonstrated in Fig.11.26

The basic idea of the Little Higgs mod-

els is that a continuous global symmetry is

broken spontaneously and the Higgs boson

is the Goldstone boson of the broken sym-

metry. There are many variants of this idea,

with the simplest being a model with a global

SU(5) symmetry broken to a global SO(5)

symmetry by the vacuum expectation value

of a non-linear sigma field Σ = exp(2iΠ/f).

The Goldstone bosons contain both a Higgs

doublet and a Higgs triplet and reside in the

field Π. The parameter f sets the scale of

the symmetry breaking, which occurs at a

scale Λ ∼ 4πf ∼ 10 TeV where the theory

becomes strongly interacting. The quadratic

contributions to the Higgs boson mass of the

Standard Model are cancelled by the new

states at a scale gf ∼ 1 − 3 TeV . Further-

1600 1800 2000 2200 2400
100

200

300

400

500

600

hm

f(GeV)

(GeV)

Figure 12. Excluded regions at 95%, 99% and 99.9%
confidence level (from lightest to darkest) in the little
Higgs model with T-Parity. In the band between the
two dashed lines the lightest T-Parity odd particle is
a consistent dark matter candidate and contributes
to a relic density within 2σ of the WMAP data[25].

more, the gauge symmetries are arranged in

such a manner that the Higgs boson gets a

mass only at two-loops, MH ∼ g2f/(4π), and

so the Higgs boson is naturally light, as re-

quired by the precision electroweak data.

The mixing of the Standard Model gauge

bosons with the heavy gauge bosons of Lit-

tle Higgs models typically gives strong con-

straints on the scale f > 1 − 4 TeV .23 It

is possible to evade many of these limits by

introducing a symmetry (T parity) which re-

quires that the new particles be produced in

pairs.24,25 This allows the scale f to be as low

as 500 GeV . The lightest particle with T -odd

parity is stable and is a viable dark matter

candidate for MH between around 200 and

400 GeV and the scale f in the 1 − 2 TeV

region, as seen in Fig. 12.

Little Higgs models allow the lightest

neutral Higgs boson to be quite heavy, as is

demonstrated in Fig. 13.27 The relaxation of

the strong upper bound on the Higgs mass

of the Standard Model is a generic feature of

models with Higgs triplets.
6 Higgsless Models

Finally, we consider a class of models in which

the Higgs boson is completely removed from

the theory. These models face a number of
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Figure 13. Predictions for the W mass as a func-
tion of the top quark mass in a theory with a Higgs
triplet. The masses of the three scalars in the the-
ory, H0, K0, and H±, are varied between 300 and
600 GeV . The red point is the experimental data
point with the 1σ errors[27].

basic challenges:

• How to break the electroweak symme-

try?

• How to restore unitarity without a Higgs

boson?

• How to generate gauge boson and

fermion masses?

• How to ensure

ρ =
M2

W

M2
Z cos2 θW

= 1? (11)

Models with extra dimensions offer the

possibility of removing the Higgs boson from

the theory and generating the electroweak

symmetry breaking from boundary condi-

tions on the branes of the extra dimensions.6

Before even constructing such a Higgsless

model, it is obvious that models of this class

will have problems with the electroweak pre-

cision data. As can be seen from Fig.14, as

the Higgs boson gets increasingly massive,

the predictions of the Standard Model get

further and further away from the data. A

heavy Higgs boson gives too large a value of

S and too small a value of T . This figure gives

a hint as to what the solution must eventually

be: The Higgsless models must have a large

-0.4

-0.2

0

0.2

0.4

-0.4 -0.2 0 0.2 0.4

S

T

68 % CL

U≡0

sin2θleptsin2θeff

mW

prel.

Γ ll

mt

mH

mt= 172.7 ± 2.9 GeV
mH= 114...1000 GeV

Figure 14. Limits on S and T from precision elec-
troweak measurements, as of September, 2005. The
Standard Model reference values (which give S =
T = U = 0) are Mt = 175 GeV and MH =
150 GeV .[1]

and positive contribution to T and must not

have any additional contributions to S.28

The Higgsless models all contain a tower

of Kaluza Klein (KK) particles, Vn, with

the quantum numbers of the Standard Model

gauge bosons. The lightest particles in the

KK tower are the Standard Model W , Z, and

γ. These Kaluza Klein particles contribute

to the elastic scattering amplitudes for gauge

bosons. In general, the elastic scattering am-

plitudes have the form, (where E is the scat-

tering energy):

A = A4

E4

M4
W

+A2

E2

M2
W

+A0 + ... (12)

In the Standard Model, A4 vanishes by gauge

invariance and A2 vanishes because of the

cancellation between the gauge boson and

Higgs boson contributions. In the Higgsless

models, the contributions to A4 and A2 can-

cel if,

g2
nnnn = Σkg

2
nnk

4g2
nnnn = 3Σkg

2
nnk

M2
k

M2
n

, (13)

where gnnk is the cubic coupling between Vn,

Vn, and Vk, gnnnn is the quartic self coupling

of Vn, and Mk is the mass of the kth KK

particle.
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Figure 15. J = 0 partial wave for elastic gauge boson
scattering in the Standard Model with the Higgs bo-
son removed (red) and with the inclusion of a single
Kaluza Klein excitation with M = 500 GeV (blue)
in a deconstructed Higgsless model[30].

The amazing fact is that the 5-

dimensional Higgsless models satisfy these

sum rules exactly due to 5-dimensional gauge

invariance. Similarly, 4-dimensional decon-

structed versions of the Higgsless models33

satisfy these sum rules to an accuracy of a

few percent. The Kaluza Klein particles play

the same role as the Higgs boson does in the

Standard Model and unitarize the scattering

amplitudes. Of course, the lightest Kaluza

Klein mode needs to be light enough for the

cancellation to occur before the amplitude is

already large, which restricts the masses of

the Kaluza Klein particles to be less than

1 − 2 TeV .29,30

Fig. 15 shows the growth of the J = 0

partial wave in the Standard Model with

the Higgs boson removed and in a Higgs-

less model with a single Kaluza Klein par-

ticle with mass M = 500 GeV included. The

inclusion of the Kaluza Klein contributions

pushes the scale of unitarity violation from

E ∼ 1.6 GeV in the Standard Model with no

Higgs boson to around E ∼ 2.6 TeV in the

Higgsless models.

The Kaluza Klein particles contribute

to the electroweak precision measurements.

In general, the corrections are too large

for KK particles with masses on the TeV

scale.31 Considerable progress in addressing

this problem has been made in the last year

with the realization that the contributions of

the Kaluza Klein particles to the precision
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Figure 16. Oblique parameters, S, T , and U in a Hig-
gsless model as a function of the fermion localization
parameter, c. If the fermions are localized on the
TeV brane, c << 1

2
, while fermions localized on the

Planck brane have c >> 1

2
. A flat fermion wavefunc-

tion corresponds to c = 1

2
[32].

electroweak observables depend on where the

fermions are located in the extra dimen-

sions. In the Randall-Sundrum model, S is

positive if the fermions are located on the

Planck brane and negative if they are lo-

cated on the TeV brane. The trick is to

find an intermediate point where there is a

weak coupling between the KK modes and

the fermions.31,32 It appears to be possible to

construct models which are consistent with

the electroweak precision measurements by

having the fermion wavefunction be located

between the branes.32

Fig. 16 shows the oblique parameters

as a function of the variable c, which char-

acterizes the location of the fermion wave-

function. If the fermions are localized on the

TeV brane, c << 1

2
, while fermions localized

on the Planck brane have c >> 1

2
. A flat

fermion wavefunction corresponds to c = 1

2
.

For c ∼ 1/2 it is possible to satisfy the bounds

from precision electroweak data. Fermions

with a flat wavefunction are weakly coupled

to the Kaluza Klein particles and so such

Kaluza Klein particles would have escaped

the direct searches for heavy resonances at

the Tevatron.

The next challenge for Higgsless models

is to generate the large mass splitting be-
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Figure 17. The number of events per 100 GeV bin in
the 2-jet plus 3 lepton plus ν channel at the LHC,
coming from the subprocess WZ → WZ in a Higgs-

less model[34].

tween the top and the bottom quarks.35

Weakly coupled Kaluza Klein particles

are a generic feature of Higgsless models and

can be searched for in a model independent

fashion. These KK particles appear as mas-

sive W -, Z-, and γ- like resonances in vector

boson fusion and they will appear as narrow

resonances in the WZ channel as shown in

Fig. 17.34 The lightest KK resonance should

be clearly observable above the background.

7 Conclusions

The mechanism of electroweak symmetry

breaking could be far more complicated than

a simple Higgs boson. Almost all models,

however, have distinctive signatures which

should be observed at the LHC. Soon, with

data from the LHC, we should have some in-

dication what mechanism nature has chosen!

A complete understanding of the unknown

physics awaiting us at the TeV scale will

probably require a future linear collider.36
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DISCUSSION

Daniel Kaplan (Illinois Institute of Tech-

nology):

How does the new state possibly seen

in the HyperCP experiment at Fermilab

fit into SUSY models? It has a mass of

214.3 MeV and decays into µ+µ−.

Sally Dawson: This state is very difficult to

understand in terms of SUSY models.

Anna Lipniacka (University of Bergen):

Is gauge coupling unification natural in

Large Extra Dimension models?

Sally Dawson: No. These theories typ-

ically violate unitarity and become

strongly interacting at a scale between

1 and 10 TeV.

Ignatios Antoniadis (CERN):

What is the prize to pay in models that

solve the little hierarchy problem, such

as the little Higgs models, in particu-

lar on the number of parameters and the

unification of gauge couplings?

Sally Dawson: Obviously, there is a large

increase in the number of parameters

and gauge unification is forfeited.

Luca Silvestrini (Munich and Rome):

Maybe one should comment about the

statement that you made that new

physics has to have a scale Λ greater

than 5 TeV. Of course this is a con-

ventional scale that is only valid if the

coupling in front of the operator is one,

which is generally not true in any weakly

interacting theory and generally not true

if new physics enters through loops. So

I do not want that anybody in the au-

dience really believes that new physics

must be at a scale larger than 5 TeV.

It can easily be around the electroweak

scale as we know very well.

Sally Dawson: Absolutely true. The limits

depend on the couplings to the opera-

tors, which in turn depend on the model.


