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Elementary particle physics: alloy of 
experiment+ theory

Information about particles, their properties are determined by 
careful measurements, in experiments of unrivaled difficulty

The final goal is not a mere accumulation of the data  

But: to find the most fundamental, 
general laws of Nature

Experimental information must be transformed into 
theoretical equations
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Particle physics as of 2010

3

Part of nature whose laws can be summarized in one page 
with absolute precision and empirical adequacy

The ‘Standard Model’
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The modern Mendeleyev table

u d
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Important to realize the span of the dates

+ photon γ , gluon g, weak bosons W, Z  

quarks leptons
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One century to develop, from Maxwell on...

1860’s    Maxwell’s theory of electromagnetism

1896   Discovery of radioactivity

1897   Discovery of the electron

1930   The neutrino hypothesis

1940’s   Formulation of QED

1957  Discovery of parity violation

1964  Discovery of CP violation

Becquerel, P. Curie, M. Curie

Thompson

Pauli

1934   The theory of !-decay Fermi

Feynman, Schwinger, Tomonaga

Lee, Yang

Cronin, Fitch

The history (I)

1960’s    The SM formulated

1973  Discovery of the neutral current

1971-72   The SM proved renormalizable ‘t Hooft, Veltman

1960/70’s   Discovery of matter triplication Richter, Ting

Lederman, Schwartz, Steinberger

Perl

1983  Discovery of the weak bosons Rubbia, Van der Meer

Davis, Koshiba

Glashow, Weinberg, Salam

1960/70’s   Discovery of the quarks and formulation of QCD
Gell-mann

Friedman, Kendall, Taylor

Gross, Politzer, Wilczek

1990/2000’s  Discovery of neutrino masses

The history (II)

Experiments guides theory and, sometimes, theory precedes experiment

recommended reading: 
A.Pais ‘Inward Bound’
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Dirac equaton (1928-30)

6

Difficulties with negative energy levels 
⇒ Dirac sea ⇒ positrons

‘Square root’ of energy-momentum relation

Physical motivations were, from modern perspective, misleading
   (see Weinberg ‘Quantum Field Theory’, vol I)

First prediction 
of a new elementary particle 

on theoretical grounds!
(At the time only p,e-,γ  were known)
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Positrons were discovered 
by Anderson in 1932

“I would have liked it better if the theory had arrived 
after the experimental facts had been established”

Rutherford (1933)

But it’s too late… Theoretical particle 
physics is born. 

Tuesday, January 18, 2011
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Electron magnetic moment

8

Dirac: g=2 

- Schwinger(1947):
"

"e

e

Schwinger

- Status of Quantum ElectroDynamics in 2010:

14 Andrzej Czarnecki and William J. Marciano

this chapter, how measurements of various quantum induced dimension 5

dipole operators can be used to provide indirect evidence for New Physics

or at least constrain speculations regarding its properties.

2.1.1. Electron anomalous magnetic moment

In 1947, small anomalous effects at about the 0.1 percent level began to

be observed in high precision atomic hyperfine spectroscopy [10, 11]. Breit

suggested [12], on empirical grounds, that such observations could be ex-

plained if ge deviated slightly from 2. Schwinger then demonstrated [13]

the power of QED and his own computational prowess by calculating the

leading quantum contribution to ae,

ae =
ge − 2

2
=

α

2π
� 0.00116, (2.7)

where α = e2/4π � 1/137 is the fine structure constant.

His result agreed with experiment [14] and ushered in an era of preci-

sion measurements that tested the validity of QED to high order in α and

searched for deviations that might indicate the presence of New Physics.

Today, as a result of many pioneering efforts, including the Nobel prize

winning experiments of H. Dehmelt and his collaborators [15], the electron

anomalous magnetic moment has been measured with phenomenal accuracy

(see Chapter 5). The most precise value, due to Hanneke, Fogwell and

Gabrielse [16] is currently

aexp
e =

ge − 2

2
= 0.001 159 652 180 73 (28) , (2.8)

where the numbers in parenthesis represent the one sigma uncertainty in the

last two decimal places. That result is truly impressive. It can be compared

with the four-loop QED prediction and estimated five-loop uncertainty (due

to the heroic work of many theorists, see Chapters 3, 4 and Ref. [17])

aSM
e =

α

2π
− 0.328 478 444 003

�α

π

�2
+ 1.181 234 016 8

�α

π

�3

−1.9144(35)

�α

π

�4
+ 0.0(4.6)

�α

π

�5
+ 1.71× 10

−12
(2.9)

where we have truncated the two and three loop numerical coefficients at the

level of their uncertainty (due to uncertainties in the muon and tau lepton

masses mµ and mτ ) and have included a small Standard Model correction�
1.71× 10

−12
�

due to hadronic loops
�
1.68× 10

−12
�

and electroweak effects�
0.03× 10

−12
�
.
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Equations (2.8) and (2.9) can be compared in two different ways. First,

assuming no New Physics, they can be equated to give the world’s most

precise determination of the fine structure constant

α−1
(ae) = 137.035 999 084 (51) , (2.10)

where the uncertainty comes from Eq. (2.8) and the error in Eq. (2.9).

Alternatively, one can take a more direct low energy atomic physics or

condensed matter determination of α and obtain a numerical prediction

from Eq. (2.9) which can be compared with Eq. (2.8). Using the recent

Rydberg based value [18] (which is next best after Eq. (2.10))

α−1
(Rydberg) = 137.035 999 450 (620) (2.11)

leads to

aSM
e (Rydberg) = 0.001 159 652 177 60 (520) . (2.12)

That prediction agrees with Eq. (2.8) but its error is almost 20 times larger.

If New Physics is contributing to aexp
e , its contribution must satisfy

|ae (New Physics)| =
��aexp

e − aSM
e

�� < 10
−11. (2.13)

That bound could be improved by more than an order of magnitude if α
were much better independently determined [19].

How large a value of ae (New Physics) might be expected from new short

distance interactions parametrized by the mass scale Λ? Because anoma-

lous magnetic moments change chirality (R ↔ L), we expect New Physics

contributions to ae
e

2me
to vanish in the chiral limit me → 0. Therefore, one

anticipates the quadratic dependence
b

ae (New Physics) = C
�me

Λ

�2
(2.14)

where C could be O (1) (see Section 2.3) or smaller, e.g. O (α) in weak cou-

pling loop scenarios. Taking C � 1, we find from Eq. (2.13), that Λ <∼ 160

GeV is currently being probed by aexp
e measurements. For C � α/π, that

sensitivity is reduced to about 8 GeV, a finding that is consistent with

the fact that (due to the uncertainty in α) aSM
e in Eq. (2.12) is still about

two orders of magnitude away from electroweak contributions
�
3× 10

−14
�

which correspond to a physics mass scale of about mW � 80 GeV.

From the above exercise, we conclude that although ae provides a strin-

gent test of QED at the four-loop quantum level, it is not a particularly

good probe of high mass scale New Physics. Indeed, as we subsequently

illustrate, other experiments are potentially sensitive to Λ in the multi-TeV

region and in some cases future efforts could probe beyond 1000 TeV!

bOne could tune me and ae such that ae exhibits a linear dependence on me; however,

we do not consider such scenarios here. For a discussion of that case see Chapter 5.
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10-11 precision!

a(th) up to 10 loops
more than 104 

diagrams

102 Toichiro Kinoshita

II(a) II(b) II(c)

II(d) II(e) II(f)

Fig. 3.9. Diagrams of Set II are built from fourth-order proper vertices. This set con-

tributes 600 diagrams to A
(10)
1 and 1176 diagrams to A

(10)
2 .

III(a) III(b) III(c)

Fig. 3.10. Diagrams of Set III are built from sixth-order proper vertices. This set

contributes 1140 diagrams to A
(10)
1 and 1740 diagrams to A

(10)
2 .

Fig. 3.11. Diagrams of Set IV are built from eighth-order proper vertices. This set

contributes 2072 diagrams to both A
(10)
1 and A

(10)
2 .

set has the simplifying feature that a set of nine vertex diagrams is related to
a self-energy-like diagram by Eq. (3.40) derived from the Ward–Takahashi
identity. Using this identity we can cut the number of independent integrals
to 706. The time-reversal invariance reduces it further to 389.

Analytic evaluation of these integrals is likely to be far in the future.
At present numerical integration is the only viable option. In view of the

6 B. Lee Roberts

(a) (b) (c)

!
e

+
e

" "

e

e

"

"e

e

SchwingerDirac

""

e

Fig. 1.1. The Feynman graphs for: (a) g = 2; (b) the lowest-order radiative correction
first calculated by Schwinger; and (c) the vacuum polarization contribution, which is one
of five fourth-order, (α/π)2, terms.

In the intervening time since the Kusch and Foley paper, many improve-

ments have been made in the precision of the electron anomaly [30–32], as

well as in the theory (see Chapters 3 and 4). Most recently, ae has been

measured to a relative precision of 0.24 ppb (parts per billion) [32], and the

comparison with theory is limited by the knowledge of the fine-structure

constant, α. See Chapters 3 and 6 for the most recent theory and experi-

mental values of ae.

The ability to calculate the higher-order QED contributions to the

anomaly has gone well beyond what could have been imagined by the in-

ventors. In response to a question about how the QED pioneers viewed the

theory Freeman Dyson said [33]:

The main point was that all of us who put QED together, in-
cluding especially Feynman, considered it a jerry-built and pro-
visional structure which would either collapse or be replaced by
something more permanent within a few years. So I find it
amazing that it has lasted for fifty years and still agrees with
experiments to twelve significant figures. It seems that Nature
is telling us something. Perhaps she is telling us that she loves
sloppiness.

The muon anomaly has been measured to a precision of 0.54 ppm [34].

Naively, this level of precision would seem to limit the physics reach of the

muon anomaly when compared to that of the electron. However, since the

relative sensitivity of the anomaly to higher mass scales goes as (mµ/me)
2 �

43, 000, the muon anomaly has measurable sensitivity up to the several

hundred GeV scale, as discussed in the Chapter 2.

1.3. The Search for Electric Dipole Moments

Dirac [17] discovered an electric dipole moment (EDM) term in his relativis-

tic electron theory. Like the magnetic dipole moment, the electric dipole
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Pauli 1930:  Neutrino

β-decay: → 

(A,Z) (A,Z+1)

+ e-

(A,Z)→ (A,Z+1) + e- + ν 

Fermi (1933) Quantitative theory of β decay

n → p + e- + ν 

Neutrino and electron are not pre-existing, 
are born in the moment of decay!

continuous spectrum

Tuesday, January 18, 2011
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Parity: if a process is possible, 
then a mirror process is also possible

true for EM and strong interactions

1956 T.D. Lee, Young (theory)  
Parity violated in weak interactions

observed in 
our world
(Wu 1956)

not observed 
in our world

Tuesday, January 18, 2011
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Difficulties in theory of strong interactions 
(50s/60s)

Proliferation of new particles (3 → several dozens) 
Fermi: “Had I foreseen it, I would have gone into botany” 

1956 ‘Landau pole’: 
QED inconsistency at ultra-high energies

Strong coupling

Crisis of field theory

Dyson 1960: “The correct theory of strong interactions will not be found in 100 years”

Landau 1960:  “Hamiltonian method is dead and has to be buried, 
with all due honors”

E

α(E)

Tuesday, January 18, 2011
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Non-abelian Gauge Theories

12

Yang,Mills 1954 generalized to N-component ψ 

Gauge invariance in QED:

is inv. under

U - unitary SU(N) matrix

Need N2-1 gauge bosons, self-interacting 

At the time, the theory seemed empirically useless

spacetime

Tuesday, January 18, 2011
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Asymptotic freedom (Gross, Wilczek, Politzer 1973)
In Yang-Mills theories, unlike in QED, coupling decreases 

at large energies/small distances

E

αs(E)

1 GeV

⇒ Theory becomes simpler as you go to large 

energies, where quarks and gluons become ‘real’

Tuesday, January 18, 2011
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Quantum ChromoDynamics also allows to compute
hadron masses and properties from first principles

Lattice QCD 
(need Supercomputers)

EPJ Web of Conferences

0
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M
[M
eV
]
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experiment
width
input
QCD

Our ab-initio calculation [15] of the light hadron spectrum with three light flavors (pseudoscalar and vector meson octet, baryon
octet and decuplet, excluding states with significant flavor singlet admixture), compared to experiment. In the latter case states which
decay under strong interactions are shown with their width. The error-bars on our data include statistical and systematic uncertainties.
Note that M!,MK ,M" have no error-bar, since they have been used as input to adjust the quark masses and to set the lattice spacing.

Regarding point 3, let me emphasize that the e!ect
of the finite spatial volume has been corrected for, even
though these e!ects were tiny. In particular for two stable
states (the pion and the nucleon) the M(L)/M predictions
of Chiral Perturbation Theory [25,26] have been tested by
augmenting our dataset by dedicated simulations with a
smaller and larger L. We found complete agreement be-
tween our data and the prediction.

Regarding point 4, two comments are in order. The first
one concerns the fact that the di!erence mphysd !mphysu is
small compared to the typical scale in hadron physics. The
e!ects due to this splitting are tiny compared to our error-
bars, and a similar statement holds true for the e!ects due
to the electromagnetic interactions of the quarks (which we
do not attempt to simulate on the lattice). This implies that
we need to correct the physical values of M!,MK ,M" to
which we want to tune our simulation, for the influence of
isospin breaking and electromagnetic e!ects. On this point
we follow [27] and chose M! = 135MeV, MK = 495MeV
and M" = 1318MeV as input values. The fact that each
one of these values comes with an error of a few MeV is
accounted for and contributes to the final systematic er-
ror. The second comment concerns the details of the quark
mass extrapolation and the scale setting. As one can see
in Fig. 1, our data, when plotted against M2

!, show a rather

small amount of curvature. Moreover, that our pion mass
reaches down to 190MeV implies that we need to extrap-
olate very little to reach the target value of 135MeV. We
do this both via a Taylor fit and via formulae from Chiral
Perturbation Theory [28]. In a similar sense the scale is set
either through the value of aM" at the (extrapolated) phys-
ical mass point or through the value of aM" in the actual
simulation. Both methods are shown in Fig. 1, and the re-
sults at the physical mass point are in complete agreement.
Similarly, one may choose to set the scale through the #
rather than the ", which, again, yields consistent results at
the physical mass point.

The last two options are, in fact, just two examples
of the overall analysis strategy adopted in [15]. Whenever
there are several reasonable ways of how to set a given
variable to its physical value, we do not just use one of
them, but we use them all in a systematic form. Each time
we perform a full analysis, including an assessment of the
statistical error via a complete bootstrap procedure, lead-
ing to an overall distribution of the central values. From
this distribution we draw, in the final phase of the analysis,
our central value and the best estimate of the overall the-
oretical or systematic uncertainty. This uncertainty is then
added (in quadrature) to the statistical uncertainty to give
the error-bars depicted in Fig. 2.

03001-p.4
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6 Summary and Outlook
I have reported on an ab-initio calculation of the spectrum
of the light pseudoscalar and vector mesons and octet and
decuplet baryons in QCD with fully controlled system-
atics, as performed by the Budapest-Marseille-Wuppertal
collaboration [15]. The outcome is in perfect agreement
with experiment. As a result we can claim to understand
the origin of the bulk of the visible mass in the universe
quantitatively and from first principles; it is due to the dy-
namical mechanism which binds almost-massless quarks
and exactly-massless gluons into protons and neutrons, th-
ereby giving them a mass of order 1GeV each.

In my view this is more of a beginning rather than the
end. Within QCD there is still a number of challenges. One
of them is to obtain similarly precise results for the mass
and the decay width of states which decay under strong in-
teractions, even though the pertinent conceptual questions
have been solved [29,30].

By the general philosophy that “yesterdays discovery is
todays high-precision measurement and tomorrows back-
ground”, we are now in an era where large-scale lattice
QCD simulations are used to separate QCD e!ects from
the electroweak observables we are interested in. Typical
examples include fK/ f!, fDs/ fD, BK , BB and various form
factors between pions, kaons, and B and D mesons, since
these QCD matrix elements are needed for a precise deter-
mination of various Standard Model parameters, including
the CKMmatrix elements. In particular, tests of the unitar-
ity of this matrix have the potential to establish stringent
bounds on the flavor structure of possible extensions of the
Standard Model; see e.g. [31] for an overview. Last but
not least, there is the possibility that the reality beyond the
Standard Model itself may contain some strongly interact-
ing degrees of freedom.
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Unification

15

As we go to higher and higher energies,
theory becomes 

- more fundamental
- more symmetric
- more beautiful 

Tuesday, January 18, 2011
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ElectroWeak unification

16

p p

e e
γ 

n p

e
W- ν 

Electromagnetic weak / charged current

?

p p

Z0

ν ν 

Glashow 1961
SU(2)xU(1), extra gauge boson:

weak “neutral current”

Weinberg, Salam 1967:  W,Z can be massive via ‘Higgs 
mechanism’

Electroweak Standard Model is born
Tuesday, January 18, 2011
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1973  Neutral currents discovered
1983/84  W,Z bosons discovered

 

Higgs mechanism = the last unexplored part of
the `Standard Model’

Tuesday, January 18, 2011
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Higgs mechanism

18

How do W±,Z get mass? 

Popular physics picture:

Universe-filling
‘Higgs field’

W-boson

Tuesday, January 18, 2011



/3919

massless spin 1 particle has only 2 transverse 
polarizations 

massive spin 1 particle has 2J+1=3 
polarizations

⇒ 3 new states needed to give mass to W±,Z

The easiest way is to introduce a complex scalar field

but this has 4 real components. 
The extra component →  Higgs boson 
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Is this picture correct?

Or a more complicated mechanism is at work
(many alternatives exist)?

Does the Higgs boson exist?

Is it elementary or composite?

To answer these questions 
Large Hadron Collider was built 

→ see next talk
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Indirect evidence for the Higgs boson existence 
(and an estimate for its mass)

comes from the previous CERN collider LEPWill the Higgs boson be standard?

mt = 171.4±2.1 mW = 80.392(29)

mh = 85
+39
−28

?

mt = 177.6+12
−9 mW = 80.361(20)“predicted” ⇒

measured  ⇒

(A heavier Higgs would require a positive extra          . Why?  )!T

The consistency of the 
standard Higgs with 
the precision data

LEPEWWG

(in GeV)80 ± 10170 ±20
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Higgs boson mass is very sensitive to 
what happens at high energy 

electron
in QED:

never a big correction

Becomes O(1) if 

Higgs boson in SM:

Naturalness problem
Tuesday, January 18, 2011
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Supersymmetry

23

One possibility is that these corrections get cancelled
by contributions of particles of opposite statistics 

(superpartners) 

Top quark

Scalar quark (squark)

If this is the case, LHC will be 
able to see these new particles
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Next step in unification?

24

The key to the economy of equations

1897 1925 1930 1973

e

!

Supersymmetry as the most interesting theoretical candidate

not unique, however

2008

(the merit of space-time and internal symmetries)

2011?

Dirac Glashow/
Weinberg/

Salam
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Gauge coupling unification

25
Indirect evidence of supersymmetry

Gauge couplings change (‘run’) with energy

Rate of running depends on which particles appear in 
the loops

Assuming supersymmetry, gauge couplings unify at
energies ~1016 GeV
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LHC Theory

26
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Event as seen in an LHC detector

30
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Important recent work on jet recombination algorithms

G. Salam et al SISCone, anti-k
T

It is essential that a correct jet finding is implemented

by LHC experiments for an optimal matching of theory

and experiment

ATLAS
B. Mansoulie’

Need theory tools 

a) to get from observed final hadrons to initially 
produced particles (jet algorithms)

Here: M.Cacciari, G.Salam, G. Soyez (LPTHE)
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Very important for the LHC

Effective lagrangian (mt -> infinity)

C1 known to !s
4

Chetyrkin, Kniehl, Steinhauser’97

NLO corr.s computed with effective lagrangian

AND the full theory

They agree very well

Dawson
Djouadi, Spira, Graudenz, Zerwas

Djouadi, Spira, Graudenz, Zerwas

Higgs production via g+g -> H

LO
NLO

NNLO

More recently the NNLO calculation was completed (analytic)

Catani, de Florian, Grazzini ’01.
Harlander, Kilgore ’01, ‘02
Anastasiou, Melnikov’02
Ravindran, Smith, van Neerven ’03

Also NLO y and pT
distributions
have been computed

De Florian, Grazzini, Kunszt ‘99
Glosser, Schmidt’02
Anastasiou, Melnikov, Petriello’05
Ravindran, Smith, van Neerven’06

Recent progress:
Resummation of large
partonic-energy logs 

DeMarzani, Ball, Del Duca, Forte, Vicini’08

b) to predict expected event rates 
(beyond Leading Order accuracy is required) 

Higgs boson production cross-section
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New physics will be seen as an access 
over the number of expected events

Need to know well the ‘background’ to claim the discovery

Supersymmetry:Higgs boson:
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Theoretical high-energy physics community
is divided into two groups

a) hep-ph  (‘phenomenology’)    
b) hep-th  (‘formal theory’)

(according to the part of www.arxiv.org where we publish 
our papers) 

discussed
so far
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Hep-th studies:

• properties of (supersymmetric) field 
theories

• conformal field theories

• string theory 

• … 

35

things which do not look immediately 
connected with experiments but 
perhaps in the future they will be
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AdS/CFT

36

Maldacena 1997

Duality between N=4 Super Yang-Mills theory and Type IIB 
string theory on the AdS5xS5 background

By now has found applications to
- Heavy Ion Collisions and Quark-Gluon Plasma
(RHIC, LHC)
- Condensed Matter (High Tc - superconductivity)
- Models of QCD
- Models of Electroweak Symmetry Breaking
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Twistor String

37

Witten 2003
What looked first like another abstruse attempt to 

describe N=4 Super Yang-Mills, has led, through a series 
of developments, to new ways of doing field theory 

computations (without Feynman diagrams)

-1 -1a b11 0 0 nn

=j+1
j =!

BCFW
L R

j j" 1

nL

nR1L

1R
=

Recursion 
relations:

NB: number of Feynman diagrams for 2 → n 
scattering grows faster than n!
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High-energy physics is also intimately connected
with Cosmology

- Dark Matter is probably 
a gas of new particle species; 
models are plenty; exp. searches ongoing 

- Dark energy ⇔ Cosmological constant problem;

a very serious puzzle for particle physics

- What is the particle physics interpretation of 
the Inflationary models?

- What is the reason of Matter/Antimatter Asymmetry
of the Universe ?
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Central question for the Future

39

What will replace this?
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