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Supersymmetry
Superpartner masses: 

The symmetry is “softly broken”, with 

E,m

Standard model

Higgs mass

vac

Do perturbation theory
In the superpartner masses

ms

ms ! Λbig

Λbig

ms

ms

φ φ
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Symmetries Between 
Particles with Different Spins

Masses and scattering cross sections
would be the same. Spin 1/2

Spin 1

Spin 0
Supersymmetry

Extra Dimensions

Chiral Symmetry

Gauge Symmetry
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Spin 0      1

After imposing gauge invariance, and the equation of motion,
there are two physical polarizations.

Aµ → Φ, !Aµ = 0, 1, 2, 3

A massless spin 1 field (e.g., the electromagnetic field) can
be described by a 4-vector:
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Spin 0      1

M = 0, 1, 2, 3, 5

After imposing gauge invariance, and the equation of motion,
there are three physical polarizations.

AM → Φ, !A,A5

A massless spin 1 field in 4 space dimensions can
be described by a 5-vector:
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At distances much larger than the 
circumference, L, the new field A5 is
not associated with a direction - it is

a scalar (spinless) field.

Now compactify.

x

y

M = 0, 1, 2, 3, 5 AM → Φ, !A,A5

A massless spin 1 field in 4 space dimensions can
be described by a 5-vector:

Spin 0      1
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Now compactify.

x

y

unwrap

L

Particle in
a box

M = 0, 1, 2, 3, 5 AM → Φ, !A,A5

A massless spin 1 field in 4 space dimensions can
be described by a 5-vector:

Spin 0      1
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x

y

Fourier
modes

At short distances, 4-dimensional rotational invariance appears intact.

At long distances, the vector potential breaks up into a 3-vector and
a scalar.

Spin 0      1
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Spin 0      1

x

y

At short distances, 4-dimensional rotational invariance appears intact.
At long distances, 4-dimensional rotational invariance is softly broken.
The Higgs mass is only sensitive to 1/R.

Some separation required between the Higgs mass and 1/R.

E,m

Standard model

Higgs mass1/R

2/R
3/R

Λbig

E2 = p2 + p2
5 = p2 + (2π/L)2n2
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RS Models - A Warped 
Extra Dimension
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RS Models - A Warped 
Extra Dimension
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RS Models - A Warped 
Extra Dimension

E,m

Standard 
model

Higgs~1/Rc

~2/Rc

~3/Rc

Λ
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RS Models - A Warped 
Extra Dimension

E,m

Standard 
model

Higgs~1/Rc

~2/Rc

~3/Rc

Λ

This 4D-5D “duality” also
compares strong coupling with

weak coupling.  
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RS Models - A Warped 
Extra Dimension

E,m

Standard 
model

Higgs~1/Rc

~2/Rc

~3/Rc

Λ

This 4D-5D “duality” also
compares strong coupling with

weak coupling.  
The theory should resemble

Technicolor
10



AdS/CFT
Did this object shrink or 

move away from us?
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AdS/CFT
Did this object shrink or 

move away from us?

A type of 5-dimensional theory can
be described as a 4-dimensional

“scale-invariant” theory.
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KK-gluon at the LHC
6

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a func-
tion of the invariant mass. The uncertainty from PDF’s
in this shape is far less than that in the total cross-section.
Hence we look for a signal from KK gluons in the differ-
ential tt̄ cross-section as opposed to simply counting the
total number of tt̄ events. We do not expect a sharp
resonance in this distribution due to the large width of
the KK gluon, but we do obtain a statistically significant
“bump” as discussed below.

The differential cross section as a function of mtt̄ is
shown in Figs. 4 and 5 for MKKG = 3 TeV produced
at the LHC. In Fig. 4 we compare the total (signal +
background) distribution to the SM (background) distri-
bution, based on a partonic-level analysis. In Fig. 5, we
focus on the area near the peak and we consider con-
tributions from the reducible background (from Wjj).
We show the particle level results and the correspond-
ing statistical uncertainties of event reconstruction. The
predictions for the SM and SM+RS models, based on
partonic-level analysis (same as in Fig. 4), are also shown
for comparison. We see that, since the partonic and par-
ticle level data are consistent with each other, we do not
expect a large bias in the ability to reconstruct the KKG
mass.
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FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction effi-
ciency and how we estimate our signal to background
ratio and the sensitivity to the KK gluon mass based on
this analysis. Following [13], we assume a 20% efficiency
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FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the Wjj background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.

for tagging b-jets (εb), independent of the b-jet energy.
Our particle level study shows that the efficiency of the
additional cuts described, εcut, in Table I for the recon-
struction of tt̄ system in the mass window around KKG
is about 20(21)% for mtt̄ = 3(4)TeV. We find that for
the SM the reconstruction efficiency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction efficiencies differ
because the BG and BG+KKG events have different
kinematics. The background is dominated by gg fusion
events which are more forwardly-peaked in the top pair
center of mass (cm) frame than the qq̄ fusion events.
Hence, the gg events have a smaller PT

9 than the qq̄
events. Since KK gluon signal comes only from qq̄ fu-
sion, the pT cut on the top-quark reduces background
more than the signal.

In addition, the branching ratio for the lj decay is given
by BRlj = 2 × 2/9 × 2/3 " 0.3. The total efficiency is
given by BRlj × εcut × εb ∼ 1%.

We estimate the statistical significance of our signal
by looking at the bump. An invariant tt̄ mass window
cut 0.85MKKG < Mtt̄ < 1.5MKKG is applied. The
lower bound corresponds roughly to the width. The
upper bound is not particularly important due to the
steep falloff in cross section. Below the MKKG thresh-
old, the signal+background distribution is actually be-
low the background one due to destructive interference.
Therefore, we choose an asymmetric mass window cut.
We estimate the ratio of the signal, S, to the statistical
error in the the background,

√
B, via our particle level

9 Note that, inside the mass window, the total momentum/energy
of each top quark in cm frame is roughly fixed at MKKG/2.

Agashe, Belyaev, Krupovnickas, Perez, Virzi
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What was wrong with 
Technicolor?
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Technicolor?
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How About Strong 
Coupling With a Higgs?

Pions are light, spinless composite particles.

How do they do that?
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How About Strong 
Coupling With a Higgs?

There is ample evidence that they are approximate 
Goldstone bosons from chiral-symmetry breaking in the 

theory of the strong nuclear force (QCD).

Pions are light, spinless composite particles.

How do they do that?
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Goldstone Bosons
A “continuous” symmetry of the Lagrangian which is broken by

The ground state of the theory (the vacuum) is said to be
“spontaneously broken”

A spontaneously broken (internal) symmetry always produces
a massless scalar particle.

If the symmetry is only approximate, the particle won’t be massless, 
but can be very light.
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Goldstone Bosons
A “continuous” symmetry of the Lagrangian which is broken by

The ground state of the theory (the vacuum) is said to be
“spontaneously broken”

A spontaneously broken (internal) symmetry always produces
a massless scalar particle.

If the symmetry is only approximate, the particle won’t be massless, 
but can be very light.

Do thing with the wire now.

15



Goldstone Bosons
Let’s see the classical phenomenon using the wave description.

An infinite straight rope breaks translation invariance in directions perpendicular
to the rope.  The transverse waves are the Goldstone modes.

Fourier transform:

Can have waves with arbitrarily low frequency.  

quantize: Particles with arbitrarily low energy           massless particles

E2 = p2

L =
1
2
σ

(
∂φ

∂t

)2

− 1
2
τ

(
∂φ

∂x

)2 1
c2

∂2φ

∂t2
=

∂2φ

∂x2

φ(x, t) =
∫

dk dω

4π2
φ̃(k, ω) ei(kx−ωt)

ω2 = k2c2
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Internal Symmetry 
Breaking

The potential is independent
of theta.

V (φ) = (|φ|2 − v2)2

φreal

φim

φ→ eiαφ(x)

|φmin| = v

φ(x) = (v + ρ(x))eiθ(x)

V = (2vρ + ρ2)2
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Internal Symmetry 
Breaking

The potentials live 
at every point in 

space and waves 
of fluctuations 

between vacua 
move through 

space
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1
c2

∂2y

∂t2
=

∂2y

∂x2
− µ2c2y2

Equation of motion:

Pseudo-Goldstone 
Bosons

L =
1
2
σ

(
∂y

∂t

)2

− 1
2
τ

(
∂y

∂x

)2

− 1
2
η2y2

19
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Pseudo-Goldstone 
Bosons

L =
1
2
σ

(
∂y

∂t

)2

− 1
2
τ

(
∂y

∂x

)2

− 1
2
η2y2

19

A mass gap appears:

ω2 = k2 + µ2
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Pseudo-Goldstone 
Bosons

L =
1
2
σ

(
∂y

∂t

)2

− 1
2
τ

(
∂y

∂x

)2

− 1
2
η2y2

19

This is what we think a pion is.

A mass gap appears:

ω2 = k2 + µ2
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Technicolor vs. 
Composite Higgs

Qi, Qic = techniquarks

〈QiQ
c
j〉 ∼ Λ3

TCδij Q =
(

U
D

)
, Qc

i = U c, Dc

without the Higgs, QCD breaks Electroweak 
symmetry, and the pions are eaten

MW = gfπ

SU(2)L × SU(2)R Π =
(

π0 π+

π− −π0

)
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SU(3)L × SU(3)R

Technicolor vs. 
Composite Higgs

Qi, Qic = techniquarks

〈QiQ
c
j〉 ∼ Λ3

TCδij Q =




U
D
S



 , Qc
i =

(
U c Dc Sc

)

Π =




π0 − η0

√
3

π+ K+

π− −π0 − η√
3

K0

K− K̄0 2η0
√

3





Georgi, Kaplan
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SU(3)L × SU(3)R

Technicolor vs. 
Composite Higgs

Qi, Qic = techniquarks

〈QiQ
c
j〉 ∼ Λ3

TCδij Q =




U
D
S



 , Qc
i =

(
U c Dc Sc

)

Π =




π0 − η0

√
3

π+ K+

π− −π0 − η√
3

K0

K− K̄0 2η0
√

3





≡
(

H+

H0

)
Georgi, Kaplan

Then include weak couplings 
to give it a vev
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The Higgs as a Pion 
(Composite Higgs)

22



The Higgs as a Pion 
(Composite Higgs)

The naturally light pion has significant couplings 
(e.g., electro-magnetic).
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The Higgs as a Pion 
(Composite Higgs)

The naturally light pion has significant couplings 
(e.g., electro-magnetic).

Just what we need for the Higgs
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The Higgs as a Pion 
(Composite Higgs)

The naturally light pion has significant couplings 
(e.g., electro-magnetic).

Just what we need for the Higgs Measurement Fit |Omeas!Ofit|/"meas

0 1 2 3

0 1 2 3

#$had(mZ)#$(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1875
%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4957
"had [nb]"0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(P&)Al(P&) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21586
RcRc 0.1721 ± 0.0030 0.1722
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 0.1481
sin2'effsin2'lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.374
%W [GeV]%W [GeV] 2.140 ± 0.060 2.091
mt [GeV]mt [GeV] 170.9 ± 1.8 171.3

heuristically:
(

mπ

mρ

)2

∼
(mπ

Λ

)2
∼

(
140 MeV
770 MeV

)2

∼ 4%

but per mil required:
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Answer - Some Tuning
Worst problem is a contribution to Z → bb̄

In current models, must push the “Techni-”rho mass
to 3-4 TeV, requiring a fine-tuning in the Higgs mass

of ~5%.
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Answer - Some Tuning
E,m

Standard model

Higgs

1/Rc

2/Rc

3/Rc

Λ

Stray, lighter states3-4 TeV
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RS w/ composite Higgs
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Figure 3: Contour plots in the planes (ε3, ε1) and (ε3, εb) as obtained from eq.(23). The dashed
contours are obtained by omitting Ab

FB from the fit. Superimposed are the points in the MCHM
with N ≥ 3 and |δgLb/gSM

Lb | ≤ 2%. Blue (dark) dots correspond to ε > 0.3, green (light) dots to
0.2 < ε < 0.3, red (medium dark) dots to ε < 0.2. The fat black dot represents the SM prediction
for mHiggs = 115GeV.

the constraint on εb, then this constraint from δgLb could be artificially too restrictive. To prove

that the anomaly does not actually play an important role in the analysis, we have shown in Fig. 3

(dashed lines) the contours one obtains by omitting Ab
FB from the fit: while the χ2 global minimum

is considerably lower, the constraint on εb does not essentially change. 12 The point is that Rb,

ratio of the b-quark partial width of the Z to its total hadronic partial width, is more sensitive to

gLb than Ab
FB, since gLb # gRb:

Ab
FB ∝

g2
Lb − g2

Rb

g2
Lb + g2

Rb

& 1 − 2
g2
Rb

g2
Lb

, (26)

Rb ∝ g2
Lb + g2

Rb . (27)

The experimental error in both observables is of the same order (roughly few per mil). It is then

clear that the most important constraint on gLb comes from Rb, and hence omitting Ab
FB does not

significantly change the constraint on εb. On the other hand, Rb is not anomalous and there is no

sound reason to omit it from the fit. Moreover, even inclusive hadronic observables like ΓZ , σh,

Rh, already pose a significant constraint on gLb: they are measured with slightly more precision

(per mil) than Rb, but are clearly less sensitive to gLb. The resulting constraint on gLb is roughly
12Notice also that the best fit prefers smaller values of ε3, and this in turn implies a smaller mH . The fact that

the SM fit prefers (much) smaller Higgs masses if one omits the hadronic asymmetries is well known.

13

< 4% 
<10%, >4%

> 10%

Agashe, Contino
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Unification?
α(MZ) = αunified + SM + superpartners
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Unification?
α(MZ) = αunified + SM + superpartners

α(MZ) = αunified + SM− {H, tR, tcR}
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Unification?

4 6 8 10 12 14 16

Log10 Μ!GeV
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Α1#1#Α2#1

Α1#1#Α3#1

α(MZ) = αunified + SM + superpartners

α(MZ) = αunified + SM− {H, tR, tcR}

Agashe, Contino, Sundrum
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Unification?

4 6 8 10 12 14 16

Log10 Μ!GeV
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40
Α1#1#Α2#1

Α1#1#Α3#1

α(MZ) = αunified + SM + superpartners

α(MZ) = αunified + SM− {H, tR, tcR}

Beautiful
Flavor

Structure 
TooAgashe, Contino, Sundrum
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RS summary

Strongly coupled theories are making a comeback as 
AdS/CFT suggests more theoretical control

Best versions are when the Higgs is a pseudo-Goldstone 
boson similar to the pion (Composite Higgs Theories)

Significant effort made to simplify the phenomenology:
Contino, Kramer, Son, Sundrum; hep-ph/0612180

26



Little Higgs

The goal of the Little Higgs models is 
to remove that last bit of tuning in 
composite Higgs theories - at the 
price of complicating the models.

27



Collective Symmetry 
Breaking

The odd mode does not pick 
up a mass!

L

L + y
2

y

Higher order effect - no mass gap!   Quantum corrections induce 

Force goes like 
displacement y4
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Collective Symmetry 
Breaking

Two couplings 
required 

28



mφ ∼ ε2Λ

φφ

The “Little Higgs”
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The “Little Higgs”

Copies of Standard Model fields required for collective
symmetry breaking.  Will look similar to XD, SUSY.

New particles in the loop

W’

W’

φ φ
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The “Little Higgs”

E,m

Standard model

Higgs mass

Λbig
mcsb

Copies of Standard Model fields required for collective
symmetry breaking.  Will look similar to XD, SUSY.

New particles in the loop

W’

W’

φ φ
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Large Extra Dimensions

Perhaps MG ~ 1 TeV!

M2
pl = MD−2

G VD−4

We live on 
here

no
rm

al
 3

d

Just gravity

qq̄ → γ + invisible gravitons
gg → g + invisible gravitons

D=6 severely constrained
by short-dist. gravity tests

and supernova 1987A

only D=6 has a 
nice stabilization 

mechanism

.1 mm!
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Should the world be 
“Natural”?

(mphys
h )2 = M2

planck + M2
qtm corr

Cancellation of one part in 1034

This doesn’t happen in condensed 
matter system unless we force it 

to happen.
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The Cosmological 
Constant

Fine tuning of one part in 10120!

(one part in 1060 with SUSY)

In 1987 Weinberg suggested that if our universe was one of 
a large selection, we would live in one where the 

cosmological constant was just small enough to allow for 
structure to form, and if we don’t measure one, we can rule 

out the anthropic principle.
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The Cosmological 
Constant

Fine tuning of one part in 10120!

(one part in 1060 with SUSY)

In 1987 Weinberg suggested that if our universe was one of 
a large selection, we would live in one where the 

cosmological constant was just small enough to allow for 
structure to form, and if we don’t measure one, we can rule 

out the anthropic principle.

But then we did measure one...
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Environmental Selection

Empty Space

The Earth

33



Environmental Selection

Empty Space

The Earth

Fine tuning of one part in 1057?
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Split Supersymmetry

Preserves Unification
and Dark Matter
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Gluinos are Long-Lived

35



Stopped Gluinos
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Out of Time Decays
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Even if you HATE use of 
the anthropic principle...

It points us to a new signal to 
look for - very long lived 

stopped particles.
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Time to 
figure 

out what 
is going 

on

39


