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Randall-Sundrum (RS) model: a warped extra dimension (1999)

Model introduces a 5th dimension, but unlike our 4 dimensions:
5th dimension is “warped” (the metric is not flat).

ds2 = e−2kr|φ|ηµνdxµdxν − r2dφ2

SSI 2004 Greg Landsberg, Searching for Extra Dimensions at the Tevatron 19

Randall-Sundrum 
Scenario

Randall-Sundrum (RS) scenario [PRL 83, 3370 (1999); 
PRL 83, 4690 (1999)]

+ brane – no low energy effects
+ – branes – TeV Kaluza-Klein modes of graviton
Low energy effects are given by !"; for krc ~  10, 
!" ~  1 TeV and the hierarchy problem is solved 
naturally
Zero-mode coupling is suppressed as 1/MPl; other 
modes are coupled as 1/!T
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figures from talk by Landsberg, SLAC Summer Institute 2004

e−2kr|φ| is called the “warp factor”.
φ = [0, π] is the coordinate in the 5th dimension.

Scales from the Planck brane (φ = 0) get “warped down” on the
SM brane (φ = π):
The SM brane cutoff is Λπ = MPle

−krπ.
For kr ∼ 11, the warp factor is e−2krπ ∼ TeV2/M2

Pl.
Extra dimension is small: r . 103/MPl.

Heather Logan Beyond the Standard Model – 5 TSI’06



The SM particles are stuck on the SM brane (similar to ADD).
The 5th dimension contains gravity only.
Because of the branes at φ = 0 and π the 5th dimension is
compact: graviton gets KK modes.

The warped metric causes the zero-mode graviton to be localized
near the Planck brane.
The overlap of the zero-mode graviton with us (on the SM brane)
is small: suppressed by 1/MPl. Explains why gravity is so weak.

The graviton KK modes are localized near the SM brane.
Their couplings suppressed only by 1/Λπ: coupling is not weak.

Planck-brane cutoff MPl gets “warped down” to Λπ on the SM
brane: Loop effects on SM side are controlled by Λπ.
Can get the required TeV2/M2

Pl hierarchy by putting in one
reasonable-size number, kr ∼ 11.
[k is the curvature and r is the size of the 5th dimension in MPl units.]

No need for a size � MPl, because of the exponential warping.

This solves the hierarchy problem!
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Graviton KK mode resonances in RS

These graviton resonances have reasonable-sized couplings – not

super-weak like gravity! This is different from the ADD model.

The reason is that the KK graviton resonances live near our TeV

brane. Normal gravity is so weak because the graviton zero mode

lives far away from our brane.
26 JH,MS

Figure 4: The cross section for e+e− → µ+µ− including the exchange of a KK tower of gravitons in
the Randall-Sundrum model with m1 = 500 GeV. The curves correspond to k/MPl = in the range
0.01 − 0.05.

m1 Reach (TeV)

Tevatron Run II 2 fb−1 1.1
LHC 100 fb−1 6.3

LEP II 3.1
LC

√
s = 0.5 TeV 500 fb−1 13.0

LC
√

s = 1.0 TeV 500 fb−1 23.0
LC

√
s = 1.5 TeV 500 fb−1 31.0

Table 4: 95% CL search reach for the mass m1 of the first KK gauge boson excitation (46).

e+e− → G(n) → µµ

MG(1) = 500 GeV

Colours correspond to curvature k of

the extra dimension:

k/MPl = 0.01–0.05

from Hewett & Spiropulu, hep-ph/0205106
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How could we tell they are KK gravitons?

Detect the characteristic spin-2 nature of the KK graviton by
looking at the angular distribution of the final-state particles!
Distribution in cos θ∗, the angle between beam direction and
final-state particle direction in the CM frame.

pp → G(1) → gg, qq̄ for 1.5 TeV G(1), 100 fb−1 at LHC:

Figure 19: Normalized angular distribution (z = cos θ) for the decay of a spin-2 graviton
into fermion pairs (the ‘w’-shaped curve) in comparison to similar decays by either spin-0
(dashed) or spin-1 (dotted) particles. The data with errors show the result from a typical
sample of 1000 events.

47

The distribution expected from a spin-1 resonance is also shown. The cutoff in the
detector acceptance at |η| = 2.5 removes events at large | cos θ∗|. For heavy gravi-

tons, which are produced with little longitudinal momentum, the effect is relatively
sharp in cos θ∗, while for lighter gravitons and Drell-Yan processes, the acceptance

loss reaches to lower | cos θ∗| values.
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Figure 4: The angular distribution of data (points with errors) in the test model for

mG = 1.5 TeV and 100 fb−1 of integrated luminosity. The stacked histograms show the

contributions from the Standard Model (SM), gg production (gg) and qq̄ production (qq̄).

The curve shows the distribution expected from a spin-1 resonance.

A likelihood function was constructed to quantify the information in the angular
distributions, defined as

L = xq · fq(θ∗) · Aq(M, θ∗)/Iq(M) + xg · fg(θ∗) · Ag(M, θ∗)/Ig(M)

+xDY · fDY (θ∗) · ADY (M, θ∗)/IDY (M) (4.1)

where xi is the fraction of the events from each contributing process, fi(θ∗) is the
angular distribution of the process, Ai(M, θ∗) is the acceptance of the detector as a
function of the mass of the electron pair and θ∗, and

Ii(M) =
∫ 1

−1
fi(θ

∗) · Ai(M, θ∗) d cos θ∗ (4.2)

i = q, g, DY for the processes qq̄ → G, gg → G, and qq̄ → Z/γ∗ respectively. Only

the shape of the distribution is used in the statistical tests, and the coefficients x are

8

Graviton vs spin-1:
Signal only, from Davoudiasl, Hewett & Rizzo,
hep-ph/0006041

Signal + background + cuts, from
Allanach, Odagiri, Parker, & Web-
ber, hep-ph/0006114
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A variant of RS: Let the SM particles propagate in the bulk!

Gauge fields in the bulk: meaningful theory up to MPl; can talk
about gauge coupling unification.

Choose appropriate set of parti-

cles to enter the bulk: can even

get unification with only SM on

the TeV brane.

from Randall & Schwartz, hep-th/0108114 JHEP11(2001)003
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Figure 4: α−1 as a function of log10(MGUT /MZ). Unification of couplings for Λ = k (solid

lines). The standard model is shown for comparison (dashed lines).

scale, For example, if we take Λ = 5, the scale drops from 1014 to 108. So, if we expect

unification near the string scale, we must have Λ ≈ 1. We assumed that I(Λ, q) was
constant. As we mentioned before, the additional effect from the first order term,

I1 is suppressed by MGUT /k. So if MGUT " k it is negligible, but if MGUT ≈ k, it
can be significant. Even though our regularization scheme cannot tell us the precise

effect from the 1-loop calculations, we can easily determine the sign. I1(Λ) is the
the slope of the curves in figure 2, and is always negative. So for MGUT ≈ k, these
corrections will lower the unification scale.

Now consider the second scenario, where the XY bosons are decoupled from the

standard model by changing their Z2 parity. Then the coefficient of the log picks up
an additional piece, proportional to Id

0 (Λ), as listed in the massless Dirichlet vector

column of table 2. Since complete multiplets do not contribute to unification, we can
simplify equations (10.1)–(10.3) by substituting:

I0(Λ) → I0(Λ) − Id
0 (Λ) . (10.4)

The main effect of this is that it allows us to go to higher values of Λ without lowering

the unification scale too much. For example, I0(5) = 1.954, but I0(5)−Id
0 (5) = 1.473.

This makes MGUT ≈ 1011 rather than 108 as it would be without these additional

states. We can also put in fields transforming as adjoints or fundamentals under the
GUT group with Dirichlet or Neumann components. There are too many possibilities

for us to examine them here, but it is fairly straightforward to work out how they
affect unification.

Finally consider the third scenario, where matter is on the Planck brane. Here
SU(5) might be broken by a massive adjoint in the standard way, and the triplet

might be coupled to some heavy missing partners. Proton decay is suppressed by at
least k−2, as we can see from (6.10). Unification is similar to the second scenario,

but we must make the replacement I0(Λ) → I0(Λ) − I1,m
0 (Λ) in equations (10.1)–

(10.3). From table 2, we can see that if the XY bulk mass is m = 1, the relevant

25

Fermions in the bulk: avoid possible FCNC operators cut off
by Λπ ∼ TeV by putting them near the Planck brane: effective
cutoff becomes very high.

Higgs must still be localized on or near the “TeV brane”:
Want the Higgs to feel the low cutoff Λπ ∼ TeV to retain solution
to the hierarchy problem.
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Higgs-fermion couplings: fermion wavefunctions have to overlap
with the Higgs wavefunction.

Light fermions can be localized near

the Planck brane: offers warped-

extra-dimensional explanation of large

fermion mass hierarchy: warp expo-

nential converts reasonable parameter

range to huge mass hierarchy.

Top quark is heavy: need large overlap

with the Higgs: must be localized near

the TeV brane.
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Figure 2: Zero mode profiles for some of the quarks, for the model with the Higgs VEV

localized at y = 0.

masses on the order of 100 TeV. The 5d mass terms are,

L =

{
Y e

ij

M∗
〈H〉 li ej +

Y ν
ij

M∗
〈Hc〉 li νj

}
δ(y) + Mν

Rij νc
i νj + h.c. (2.17)

Moving to the Kaluza-Klein description, the zero modes for the left-handed neutrinos

have Dirac masses with the entire tower of right-handed neutrino modes. The spacing

in this tower will not be the compactification scale 1/L but characteristic of the width

of the localized wave function. The contributions to the low energy neutrino masses

will differ from those estimated below (where we only take into account zero modes)

by coefficients of order unity, which is to the accuracy we are currently working.

The Dirac masses for the charged and neutral leptons are again proportional to

wave functions evaluated at y = 0,

me
ij

v
=

Y e
ij

M∗
ψ0

li(0) ψ0
ej

(0) ,
mν

ij

v
=

Y ν
ij

M∗
ψ0

li(0) ψ0
νj

(0), (2.18)

which for the charged leptons may simply be diagonalized. Once again, we integrate

out the heavy singlet neutrinos, resulting in an effective Majorana mass matrix for

10

from Kaplan & Tait, hep-ph/0110126

Expect to get new physics operators affecting the top quark with
a low cutoff Λπ ∼ TeV.

Everything that lives in the bulk gets KK modes starting at the
scale Λπ. Spacing of the modes depends on warp factor and
where the zero-mode is localized in the bulk.
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Couplings between particles depend on the overlap of the wave-

functions in the 5-dim space.

Can get enhancements or suppressions of KK mode production

cross sections, flavour dependence, etc.

Phenomenology:

KK modes are produced as resonances.

Gauge boson KK excitations: use the usual Z′, W ′ searches.

Fermion KK excitations: produce them in pairs, or singly if they

mix with the SM fermions [mixing is constrained by FCNC considera-

tions].

Graviton KK modes are still there, just like in the RS model with

the SM on the TeV brane.
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And now for something (apparently) completely different:

Technicolour [as promised in Lecture 1]

There are no fundamental scalars that we’ve discovered.
The only scalar particles that we know of are the mesons of
QCD, composite quark+antiquark bound-states confined by the
strong interaction.

Let’s take a closer look at this in QCD.

Ignore the electroweak couplings and masses of the quarks. To
QCD, all the quarks look alike; without masses the quarks are
chiral (qL and qR are separate states).
There is a global chiral flavour symmetry [nG = # of generations]:

Gχ = SU(2nG)L× SU(2nG)R.

The strong coupling runs stronger in the infrared (low energies)

until QCD confines.
After confinement there is a quark condensate 〈q̄LqR〉 6= 0.
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The quark condensate breaks the global chiral flavour symmetry:

SU(2nG)L× SU(2nG)R −→ SU(2nG)V .

[SU(2nG)V is the diagonal subgroup.]

There are thus (2nG)2 − 1 Goldstone bosons (massless pseu-

doscalar mesons): these are the pions (q̄q bound states).

Now turn the electroweak interactions back on. The quark con-

densate 〈q̄LqR〉 6= 0 breaks SU(2)L× U(1)Y down to U(1)EM.

The W± and Z get masses from the pion decay constant fπ:

mW = g
√

nGfπ/2, mZ =
√

g2 + g′2
√

nGfπ/2

where the “pion decay constant” fπ ' 93 GeV is related to the

condensate by 〈q̄LqR〉 ∼ 4πf3
π .

Electroweak symmetry has been broken!

Unfortunately fπ gives way too small masses:

mW ' 52.7 MeV, mZ ' 59.6 MeV.

Compare actual masses: mW = 80.42 GeV, mZ = 91.188 GeV.
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This points the way to Technicolour.

Replicate QCD at 1 TeV instead of 1 GeV. (1976/1979)

New gauge group GTC that gets strong around a TeV

Have ND doublets of fermions charged under GTC

“Pion decay constant” becomes:
√

nGfπ →
√

NDFπT = 246 GeV

“QCD compositeness scale” becomes:

ΛQCD → ΛTC = few ×FπT

As in QCD, the model should have an infinite tower of bound

states – technihadrons.

E.g., techni-rho ρT (isotriplet vector meson); techni-omega ωT

(isosinglet vector meson).

Both are colour singlets: produced by weak interactions.
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Technicolour scale ΛTC is where the gauge coupling αTC runs
strong: just like for ΛQCD.
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Experimental plot of the

running of αs.

Note the fit to ΛQCD

and the corresponding

αs(MZ).

from Bethke, hep-ex/0211012

Scale of ΛTC, and hence the EW scale, is ultimately set by the
starting value of αTC at MPl.
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Main problem with minimal Technicolour:
No masses for quarks and leptons, since there is nothing to break
their chiral symmetry!

To solve this, we need to break the chiral symmetry.
Introduce new interactions that break the unwanted symmetry!
To break the quark, lepton, and technifermion flavour symme-
tries, we can gauge all or part of these symmetries.
Extend the gauge group at higher energies.
This is called Extended Technicolour (ETC).

FT

VETC

f f (′)

1

Fermion masses are loop generated:

suppressed by METC.

If TC is like QCD and runs weak quickly above ΛTC, then we can
ignore the running of the technifermion condensate. Plugging in
the TC scale one gets:

mq/1 GeV ' (14 TeV/N3
DΛETC)2

Light quarks are ok; charm is hard; bottom is really iffy, top is
impossible!
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Constraints and problems of Technicolour

There are two main problems with QCD-like (extended) Tech-
nicolour:

Flavour-changing neutral currents
The ETC interactions that generate quark masses also give
flavour-changing interactions.
These cause big problems if ΛETC is below ∼ 100 TeV.
But we need ΛETC low to generate c, b (t??) masses.

Electroweak precision constraints
Technicolour is a strongly coupled theory: we can’t calculate
things well.
But we have QCD as a model: assume TC is QCD-like, then
read off corrections to EW precision observables.
It’s ruled out. :P

The way around both of these problems is Technicolour that is
not like QCD: the coupling αTC should stay strong for a long
time above ΛTC, so that masses and couplings run significantly.
Called “Walking Technicolour” (instead of “running”).
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Walking Technicolour

figure adapted from Harnik,
Kribs, Larson & Murayama,
hep-ph/0311349

It’s not like QCD: αTC stays strong for a long time above ΛTC.
Fermion masses get renormalized strongly; can put ΛETC higher.
Helps with FCNC problem!
Corrections to electroweak observables are different from the
QCD analogue.
They might not be too big!

But without the guidance of QCD data, we don’t know how to
calculate things.
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This is where the Randall-Sundrum framework comes back in.

Randall-Sundrum warped spacetime is an Anti–de Sitter (AdS)

space: a space with negative curvature (in the 5th dimension).

There is a (conjectured) correspondence between theories in AdS

space and conformal field theories (CFT) on the edge bounding

the space [AdS/CFT or Maldacena conjecture (1997)]

Conformal means scale-invariant: the couplings don’t run.

Walking Technicolour is approximately conformal in the energy

range we’re interested in.

The AdS is weakly curved (gravity is weakly coupled) where the

CFT is strongly coupled: this gives us a way to calculate! (to

the extent that the correspondence is valid.)

5-dim states on or near the TeV brane correspond to bound

states of the CFT.

5-dim states on or near the Planck brane correspond to funda-

mental (pointlike) particles.
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A Composite Higgs model and AdS/CFT

AdS/CFT correspondence has been used recently to make a

concrete composite Higgs model.

Agashe, Contino, & Pomarol, hep-ph/0412089

It’s straightforward to make a 4-dim effective theory of a com-

posite Higgs.

Higgs is a bound-state of some fundamental fermions confined

by a new strong interaction.

Let’s assume the strong interaction is conformal for some energy

range above the compositeness scale.

Effects of the strongly-coupled CFT are parameterized as un-

known operator coefficients in effective theory:

can’t calculate them in the CFT because of strong coupling.

Use the AdS/CFT correspondence:

5-dim AdS theory is weakly coupled where CFT is strongly cou-

pled. Can calculate the operator coefficients!
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Fermion sector

4-dim CFT picture:
Higgs boson is composite; right-handed top quark is mostly com-
posite [a mixture of fundamental fermion and CFT bound-state].
Other SM particles are fundamental (or mostly fundamental [mix-

tures of fundamental fermion and CFT bound-state]).
5-dim AdS picture:
Higgs lives on the TeV brane; right-handed top quark is localized
near TeV brane.
Other SM particles live near the Planck brane.

Fermions are set up this way so that the top can get a large
enough mass:
overlap with Higgs wavefunction in 5-dim picture;
mostly-composite mixture of CFT bound-state and fundamental
fermion in 4-dim picture.

Lighter fermions don’t need big overlap with Higgs wavefunction:
can be localized near Planck brane in 5-dim picture;
can be fundamental fermions in 4-dim picture.
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Gauge & global symmetry sector

4-dim picture:

Model has an SO(5) × U(1)B−L global symmetry, which spon-

taneously breaks to SO(4).

Higgs doublet is a PNGB; transforms as a 4 of SO(4).

After EWSB, a “custodial” SO(3) global symmetry is still pre-

served [protects the mW/mZ ratio from corrections: good for EW precision].

5-dim picture:

A global symmetry in the 4-dim picture corresponds to a gauge symmetry in

the bulk of the 5-dim theory but broken on the branes.

Bulk gauge symmetry is SU(3)c× SO(5) × U(1)B−L.

On TeV brane the gauge symmetry is SU(3)c× SO(4) × U(1)B−L.

On Planck brane the gauge symmetry is SU(3)c× SU(2)L× U(1)Y .

Breaking on the branes is easy to achieve by imposing appropriate boundary

conditions on the gauge bosons whose generators we want to break.

The 4-dim PNGBs correspond to the A5 components of the bulk

gauge generators in SO(5)/SO(4).
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Higgs potential:

Generated by SM particle loops. EWSB is triggered by contri-

bution from top quark loop (∆m2 is negative).

Fermion resonances:

5-dim picture: get KK resonances because they live at least

partly in the bulk.

4-dim picture: fermions contain a small admixture of composite

CFT bound-state, so they have a corresponding tower of CFT

states (like the tower of hadrons in QCD).

Weak gauge group in the bulk is SO(5):

Fermions are expanded to full SO(5) representations in the bulk.

Fermion and vector boson resonances (KK modes) come in com-

plete representations of SO(5).
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Electroweak precision constraints:

Unlike in the 4-dim CFT, the contributions to EW precision ob-

servables are calculable in the 5-dim AdS theory!

Constraints: lightest vector state ρ (“techni-rho” in CFT; KK

gauge boson in AdS) must be heavier than about 2 TeV.

Phenomenology:

Can calculate masses! Model is remarkably well under control.

Scan over model’s free parameters:

Higgs mass mH . 140 GeV in minimal model.

LEP direct search rules out mH < 114 GeV already.

3rd generation fermion resonances (KK modes) q̂L = (t̂L, b̂L), t̂R,

and b̂R are usually lighter than the vector resonances (gauge KK

modes).
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For allowed Higgs mass values:
3rd gen. fermion resonances (KK modes) lie around 1.5–2 TeV.
“Techni-rho” (lightest gauge KK mode) lies around 2–3 TeV.

Fermion resonances can be singly produced via their interactions
with the Higgs doublet [longitudinal components of W, Z are the Goldstone bosons]:

bL + Wlong → t̂R
bL + Zlong → b̂R

Production of t̂R is very similar to T in Little Higgs models.
Coupling is enhanced between CFT states (5-dim bulk states):
get enhanced production.

Fermion resonances can also be singly produced via a KK gluon
resonance: qq̄ → ĝ∗ → tLt̂L, bLb̂L, etc.

Fermion resonances can be pair produced via QCD
[suppressed by 2 heavy masses in final state].

Gauge resonances (KK modes) can be singly produced:
Look for them in dileptons (Drell-Yan).
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Finally, Technicolour itself has an analogue in AdS:
the warped 5-dim “Higgsless models”.

5-dim picture: SM gauge sector is in the bulk.
Boundary conditions chosen so there is no zero mode: Lightest
gauge boson is 1st KK excitation!
EWSB is caused by extra-dimensional boundary conditions.

Go down to 4-dim: Models contain KK excitations of the W, Z
which play some of the role of the Higgs in regularizing longitu-
dinal gauge boson scattering.
Presumably corresponds to a Walking Technicolour–like CFT
theory: new vectors interpreted as techni-rho–like states.
The theory stays under control up to somewhat higher energies
than the SM without a Higgs.

EW precision constraints:
Walking Technicolour wasn’t calculable.
But now the 5-dim theory is (more or less) calculable:
there appear to be issues with electroweak precision observables
that severely costrain the model.

This hasn’t been entirely thrashed out yet.
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Summary (1/2)

We talked about:

Warped extra dimensions: RS model
Can have only gravity in the bulk, or the whole SM.
Solution to the hierarchy problem!
Phenomenology: KK resonances at the TeV scale.

Technicolour
Breaking of EW symmetry by strong interactions: analogue of
QCD.
Solution to the hierarchy problem!
Strongly coupled: can’t calculate reliably.

Composite Higgs models and AdS/CFT correspondence
Take advantage of Technicolour-like model, but with Higgs as a
PNGB.
Use AdS/CFT correspondence to calculate in strongly-coupled
theory!
Spectrum is rather like RS model: RS KK resonances correspond
to Technihadron resonances!

Heather Logan Beyond the Standard Model – 5 TSI’06



Summary (2/2)

I’ve tried to give you a flavour of the “landscape” of Beyond the
Standard Model physics.
BSM model-building motivated mainly by the Hierarchy Problem.
BSM models try to solve the hierarchy problem and reduce fine-
tuning in the Higgs mass parameter.
To do so, they all introduce new particles and new symmetries
near the TeV scale.

We covered:
- SUSY
- Extra dimensions: ADD, UED
- Little Higgs (Higgs as a PNGB)
- Warped extra-dim (RS), Technicolour, composite Higgs

Themes were discovery and measurements to uncover the mech-
anism of Higgs mass stabilization and the new physics principles
that govern the TeV scale.

What we need now is data!
“Nothing focuses the mind like interesting experimental results.” – Ken Lane
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