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30 1 The Story of Matter

Fig. 1.19 Murray Gell-Mann. (Image courtesy of the Santa Fe Institute)

fit together to explain the existence of other particles will be outlined in Chapter 3.
Gell-Mann was awarded the Nobel Prize for Physics in 1969 as a result of his work
relating to the identification and understanding of the fractionally charged quarks.

We have now completed our brief survey of the Standard Model. The scale
explored so far is illustrated in Fig. 1.20. Further details of the many additional
subatomic particles will be given in Chapter 3, along with a discussion of what new

Molecule: 10–9 m

Atom: 10–10 m

Electron: < 10–18 m

Nucleus: 10–15– 10–14 m

Neutron: 10–15 mProton: 10–15 m

Two up and one
down quark (uud)

Two down and
one up quark (udd)

Quark: < 10–19 mFig. 1.20 The characteristic
sizes of the particles
(electrons, protons, neutrons,
and quarks) that constitute the
atomic world
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It is interesting to plot the bubble energy (the center of mass
energy) achieved at these machines against the year in which they
were constructed. Amazingly a straight line results if for the y-axis
a logarithmic scale is used. Normally, plots are linear, that is every
mark on the scale is a fixed amount above the previous mark.
Thus then the scale reads sequentially, 1, 2, 3, 4, etc. On a loga-
rithmic scale each mark is a fixed factor above the previous one,
the scale is then 1, 10, 100, 1000, etc. That is the same type of
scale that you can find on old-fashioned slide rules. That scale
applies in many cases, such as the development of the world popu-
lation. This accelerator plot is called a Livingston plot, after the
American machine builder. The plot (see figure below) does not
show all accelerators ever built but mainly the top achievers.

1950 1960 1970 1980 1990

Year

10

100 GeV

Center of mass
 (bubble) energy

2

3

4
5
6
7
8
9

20

30

40
50
60
70
80
90

1

Cosmotron

Dubna

CERN PS
AGS

Serpukhov

CERN SPS

FNAL
Tevatron

A similar plot can be made for machines with storage rings
(called colliders): proton–proton, proton–antiproton, electron–
positron, electron–proton and positron–proton colliders. Proton–
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proton and electron–proton or positron–proton colliders require
two intersecting rings, the particle–antiparticle colliders can do
with one ring in which both particles and antiparticles circulate in
opposite directions.

Many other machines followed after AdA (the machine made
by Touschek), with the largest one being LEP at CERN, design
energy 91 GeV per beam (a 182 GeV energy bubble). In the final
months of LEP’s existence, engineers in a splendid demonstration
of their prowess drove the LEP center of mass energy to 209 GeV.
In the figure below the Livingston plot for colliders is shown.
Again, not all existing or past machines have been included.
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ACO (see subject index for machine acronyms) is a machine
at Orsay, France. Like most electron-positron colliders it is a single
ring machine. ADONE is the successor to AdA, located in
Frascati, Italy. PEP, SPEAR I and its upgraded version SPEAR II
are at SLAC (Stanford Linear Accelerator Centre) at Stanford,
California.
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Is there an underlying simplicity

behind vast phenomena in Nature?
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Einstein dreamed to 
come up with a unified 
description

But he failed to unify 
electromagnetism and 
gravity (GR)
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      The LHC experiments have discovered a new particle

•  Τhere are also indications that the new particle decays to W+W−

• The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ and ZZ with rates 
roughly consistent with those predicted for the SM Higgs boson.

Wednesday, July 18, 2012

      The LHC experiments have discovered a new particle

•  Τhere are also indications that the new particle decays to W+W−

• The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ and ZZ with rates 
roughly consistent with those predicted for the SM Higgs boson.

Wednesday, July 18, 2012

Example 1: QCD factorization for H → γγ process
A. Cross section σpp→H→γγ for
production and decay of H,
e.g. via g + g → H; at lowest
order in gs

σpp→H→γγ = σgg→H→γγfg/p(x1,MH)fg/p(x2,MH) + ...

• σgg→H→γγ is the cross section for scattering of two gluons;
can be computed as a perturbation series in gs, at least
formally

• fg/p(x, µ) is the probability to a find a gluon g with
momentum x�P in a proton with momentum �P

(
ØØØ�P

ØØØ ≈ E ≈ µ > 1 GeV); fg/p(x, µ) is nonperturbative (no full
calculation yet)

Pavel Nadolsky (SMU) Peking University Lecture 1, 06/2013 18
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Finding a needle in a haystack:
A typical Higgs production event at the LHC

Production of high-energy particles can be systematically
described in perturbation theory, in contrast to messy production
of low-energy particles

Pavel Nadolsky (SMU) Peking University Lecture 1, 06/2013 10
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Degrassi et al. '12

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012
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Letter to the physical Institute of the Federal 
Institute of Technology, Zurich
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 4. uŝ�Ģƀ

Two things are 
infinite. The Universe 
and human stupidity. 

... and I’m not sure 
about the Universe.
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12.5 Warped Extra Dimensions 155

Fig. 12.24 Maldacena found two descriptions of a stack of branes, one with strongly coupled
gluons in 4-dimensions and one with weakly coupled gravity in 5-dimensions. Since the two
seemingly contradictory descriptions describe the same thing, they must be equivalent

Fig. 12.25 Multiple
Randall–Sundrum “throats”
hanging out from a compact
Calabi–Yau manifold. If we
probe this space with waves
with peak to peak distances
around the size of the length
of the throat, then each throat
looks like a single warped
extra dimension

further mystery is that all of the experimental data we have suggest that in the early
universe, just after the Big Bang, the W and Z were massless just like the photon.
In fact even the electrons and quarks were massless, but somehow, as the universe
cooled down, electrons, quarks, W’s, and Z’s all got masses.

5. ƿtäņŞ¨
194 13 Extra Material

Fig. 13.5 Anti-de Sitter
space as an hyperboloid
embedded in a higher
dimensional space.

of the terms (corresponding to the spatial directions) have a minus sign in front of
them while two of the terms (corresponding to the time directions) have a positive
sign in front of them.

Returning to Maldacena, he was studying a theory with N copies of
3-dimensional D-branes all stacked on top of one another inside a 10-dimensional
space – time. Each 3-dimensional brane fills up a 3-dimensional space and moves
through time, or in other words, it would look like something we would call a uni-
verse. Strings ending on a D-brane at each end can connect the N different D-branes
in N2 different ways. These strings can act like N2 different gluons, and when the
D-branes have zero separation between them (that is they are all in exactly the same
point in the extra dimensions), then the strings have zero length, and thus can be cre-
ated with zero energy like a massless particle. A theory with massless particles like
gluons or photons is called a gauge theory. So Maldacena’s toy universe describes a
gauge theory, but it is a special type of gauge theory: it is also supersymmetric and
in fact has four supersymmetries.

Supersymmetry is a symmetry that mixes bosons and fermions. This is quite
unusual because bosons and fermions are two very different types of particles. Two
identical fermions cannot be in the same place at the same time, while identical
bosons prefer to be in the same place at the same time: the more the merrier.
Electrons and quarks are fermions, and it is the electrons in your body and every
other material object that make them feel solid when they are really mostly empty
space. When two objects come in contact, when the rubber meets the road, or a bat
hits a ball, the electrons in the ball cannot be in the same region as any other elec-
tron, and because of quantum mechanics any electron does not exist at just a point
but is spread out in space like a wave. Photons, gluons, W’s, and Z’s (all the force
carriers), on the other hand, are bosons. Lasers can generate such intense light beams
because you can put many identical photons, traveling exactly the same way, at the
same region at the same time. The idea of force carrier bosons that can interact
with themselves (like gluons do) originated with Yang and Mills, so this gluon-
like supersymmetric theory has the technical name N = 4 supersymmetric Yang –
Mills—quite a mouthful. For each gluon in this theory there are four “superpartner”
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How can we probe ED from our 4D wall (brane)?

Flat case (k = 0) : 4-D e�ective theory:
SM particles + gravitons + tower of new particles:

Kaluza Klein (KK) excited states with the same quantum numbers
as the graviton and/or the SM particles

Mass of the KK modes =⇥ E2 � �p 2 = p2
d =

�
i=1,d

n2
i

R2 = M2
G�n

imbalance between measured energies and momentum in 4-D

Signatures:
• Coupling of gravitons to matter
with 1/MPl strength

R�1 ⇥ 10�2 GeV (d = 6);
1/R ⇥ 10�4 eV (d = 2);

(a) Emission of KK graviton states: Gn ⇤ E/T

(gravitons appear as continuous mass distribution)

(b) Graviton exchange 2� 2 scattering
deviations from SM cross sections

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI

Han, Lykken, Zhang ;  Giudice, Rattazzi, Wells’99

Flat Extra Dimensions

Emission of KK graviton states

pp⇥ g GN (GN ⇥ E/T ) �⇥ jet+E/T

Cross section summed over full KK towers

=⇤ �/�SM ⌅ (
⇧

s/M fund
Pl )2+d

Emitted graviton appears as a
continuous mass distribution.

Discovery reach for fundamental Planck scales on the order of 5–10 TeV
(depending on d = 4,3,2)

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI

Flat Extra Dimensions

Emission of KK graviton states

pp⇥ g GN (GN ⇥ E/T ) �⇥ jet+E/T

Cross section summed over full KK towers

=⇤ �/�SM ⌅ (
⇧

s/M fund
Pl )2+d

Emitted graviton appears as a
continuous mass distribution.

Discovery reach for fundamental Planck scales on the order of 5–10 TeV
(depending on d = 4,3,2)

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI
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