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Chapter 1

Introduction to the Standard Model and Electroweak

Physics

Paul Langacker

School of Natural Sciences, Institute for Advanced Study
Princeton, NJ 08540, USA

E-mail: pgl@ias.edu

A concise introduction is given to the standard model, including the
structure of the QCD and electroweak Lagrangians, spontaneous sym-
metry breaking, experimental tests, and problems.

1.1. The Standard Model Lagrangian

1.1.1. QCD

The standard model (SM) is a gauge theory1,2 of the microscopic interac-

tions. The strong interaction part, quantum chromodynamics (QCD)∗ is

an SU(3) gauge theory described by the Lagrangian density

LSU(3) = −1

4
F i
µνF

iµν +
∑
r

q̄rαi 6Dα
β qβr , (1.1)

where gs is the QCD gauge coupling constant,

F i
µν = ∂µG

i
ν − ∂νG

i
µ − gsfijk Gj

µ Gk
ν (1.2)

is the field strength tensor for the gluon fields Gi
µ, i = 1, · · · , 8, and the

structure constants fijk (i, j, k = 1, · · · , 8) are defined by

[λi, λj ] = 2ifijkλ
k, (1.3)

where the SU(3) λmatrices are defined in Table 1.1. The λ’s are normalized

by Trλiλj = 2δij , so that Tr [λi, λj ]λk = 4ifijk.

∗See Ref. [3] for a historical overview. Some recent reviews include Ref. [4] and the QCD
review in Ref. [5].
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Table 1.1. The SU(3) matrices.

λi =

(
τ i 0
0 0

)
, i = 1, 2, 3

λ4 =




0 0 1
0 0 0
1 0 0


 λ5 =




0 0 −i
0 0 0
i 0 0




λ6 =




0 0 0
0 0 1
0 1 0


 λ7 =




0 0 0
0 0 −i
0 i 0




λ8 = 1√
3




1 0 0
0 1 0
0 0 −2




The F 2 term leads to three and four-point gluon self-interactions, shown

schematically in Figure 1.1. The second term in LSU(3) is the gauge covari-

ant derivative for the quarks: qr is the rth quark flavor, α, β = 1, 2, 3 are

color indices, and

Dα
µβ = (Dµ)αβ = ∂µδαβ + igs G

i
µ Li

αβ , (1.4)

where the quarks transform according to the triplet representation matri-

ces Li = λi/2. The color interactions are diagonal in the flavor indices,

but in general change the quark colors. They are purely vector (parity

conserving). There are no bare mass terms for the quarks in (1.1). These

would be allowed by QCD alone, but are forbidden by the chiral symmetry

of the electroweak part of the theory. The quark masses will be generated

later by spontaneous symmetry breaking. There are in addition effective

ghost and gauge-fixing terms which enter into the quantization of both the

SU(3) and electroweak Lagrangians, and there is the possibility of adding

an (unwanted) term which violates CP invariance.

G

u

u

d

d

gs gs gs g2

s

Fig. 1.1. Interactions in QCD.

QCD has the property of asymptotic freedom,6,7 i.e., the running cou-
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pling becomes weak at high energies or short distances. It has been exten-

sively tested in this regime, as is illustrated in Figure 1.2. At low energies

or large distances it becomes strongly coupled (infrared slavery),8 presum-

ably leading to the confinement of quarks and gluons. QCD incorporates

the observed global symmetries of the strong interactions, especially the

spontaneously broken global SU(3)× SU(3) (see, e.g., Ref. [9]).
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Fig. 1.2. Running of the QCD coupling αs(µ) = gs(µ)2/4π. Left: various experimental
determinations extrapolated to µ = MZ using QCD. Right: experimental values plotted
at the µ at which they are measured. The band is the best fit QCD prediction. Plot
courtesy of the Particle Data Group,5 http://pdg.lbl.gov/.

1.1.2. The Electroweak Theory

The electroweak theory10–12 is based on the SU(2)× U(1) Lagrangian†

LSU(2)×U(1) = Lgauge + Lφ + Lf + LY uk. (1.5)

The gauge part is

Lgauge = −1

4
W i

µνW
µνi − 1

4
BµνB

µν , (1.6)

where W i
µ, i = 1, 2, 3 and Bµ are respectively the SU(2) and U(1) gauge

fields, with field strength tensors

Bµν = ∂µBν − ∂νBµ

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gεijkW

j
µW

k
ν , (1.7)

†For a recent discussion, see the electroweak review in Ref. [5].
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where g(g′) is the SU(2) (U(1)) gauge coupling and εijk is the totally

antisymmetric symbol. The SU(2) fields have three and four-point self-

interactions. B is a U(1) field associated with the weak hypercharge Y =

Q− T 3, where Q and T 3 are respectively the electric charge operator and

the third component of weak SU(2). (Their eigenvalues will be denoted by

y, q, and t3, respectively.) It has no self-interactions. The B and W3 fields

will eventually mix to form the photon and Z boson.

The scalar part of the Lagrangian is

Lφ = (Dµφ)†Dµφ− V (φ), (1.8)

where φ =

(
φ+

φ0

)
is a complex Higgs scalar, which is a doublet under

SU(2) with U(1) charge yφ = + 1
2 . The gauge covariant derivative is

Dµφ =

(
∂µ + ig

τ i

2
W i

µ +
ig′

2
Bµ

)
φ, (1.9)

where the τ i are the Pauli matrices. The square of the covariant derivative

leads to three and four-point interactions between the gauge and scalar

fields.

V (φ) is the Higgs potential. The combination of SU(2)×U(1) invariance

and renormalizability restricts V to the form

V (φ) = +µ2φ†φ+ λ(φ†φ)2. (1.10)

For µ2 < 0 there will be spontaneous symmetry breaking. The λ term de-

scribes a quartic self-interaction between the scalar fields. Vacuum stability

requires λ > 0.

The fermion term is

Lf =

F∑
m=1

(
q̄0mLi 6Dq0mL + l̄0mLi 6Dl0mL + ū0

mRi 6Du0
mR

+ d̄0mRi 6Dd0mR + ē0mRi 6De0mR + ν̄0mRi 6Dν0mR

)
.

(1.11)

In (1.11) m is the family index, F ≥ 3 is the number of families, and

L(R) refer to the left (right) chiral projections ψL(R) ≡ (1 ∓ γ5)ψ/2. The

left-handed quarks and leptons

q0mL =

(
u0
m

d0m

)

L

l0mL =

(
ν0m
e−0
m

)

L

(1.12)

transform as SU(2) doublets, while the right-handed fields u0
mR, d

0
mR, e

−0
mR,

and ν0mR are singlets. Their U(1) charges are yqL = 1
6 , ylL = − 1

2 , yψR
= qψ.
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The superscript 0 refers to the weak eigenstates, i.e., fields transforming

according to definite SU(2) representations. They may be mixtures of

mass eigenstates (flavors). The quark color indices α = r, g, b have been

suppressed. The gauge covariant derivatives are

Dµq
0
mL =

(
∂µ + ig

2 ~τ · ~Wµ + ig′

6 Bµ

)
q0mL Dµu

0
mR =

(
∂µ + 2ig′

3 Bµ

)
u0
mR

Dµl
0
mL =

(
∂µ + ig

2 ~τ · ~Wµ − ig′

2 Bµ

)
l0mL Dµd

0
mR =

(
∂µ − ig′

3 Bµ

)
d0mR

Dµe
0
mR = (∂µ − ig′Bµ) e

0
mR

Dµν
0
mR = ∂µν

0
mR,

(1.13)

from which one can read off the gauge interactions between the W and

B and the fermion fields. The different transformations of the L and R

fields (i.e., the symmetry is chiral) is the origin of parity violation in the

electroweak sector. The chiral symmetry also forbids any bare mass terms

for the fermions. We have tentatively included SU(2)-singlet right-handed

neutrinos ν0mR in (1.11), because they are required in many models for

neutrino mass. However, they are not necessary for the consistency of the

theory or for some models of neutrino mass, and it is not certain whether

they exist or are part of the low-energy theory.

The standard model is anomaly free for the assumed fermion content.

There are no SU(3)3 anomalies because the quark assignment is non-

chiral, and no SU(2)3 anomalies because the representations are real. The

SU(2)2Y and Y 3 anomalies cancel between the quarks and leptons in each

family, by what appears to be an accident. The SU(3)2Y and Y anoma-

lies cancel between the L and R fields, ultimately because the hypercharge

assignments are made in such a way that U(1)Q will be non-chiral.

The last term in (1.5) is

LY uk = −
F∑

m,n=1

[
Γu
mnq̄

0
mLφ̃u

0
nR + Γd

mnq̄
0
mLφd

0
nR

+ Γe
mn l̄

0
mnφe

0
nR + Γν

mn l̄
0
mLφ̃ν

0
nR

]
+ h.c.,

(1.14)

where the matrices Γmn describe the Yukawa couplings between the single

Higgs doublet, φ, and the various flavors m and n of quarks and leptons.

One needs representations of Higgs fields with y = + 1
2 and − 1

2 to give

masses to the down quarks and electrons (+ 1
2 ), and to the up quarks and

neutrinos (− 1
2 ). The representation φ† has y = − 1

2 , but transforms as the

2∗ rather than the 2. However, in SU(2) the 2∗ representation is related to
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the 2 by a similarity transformation, and φ̃ ≡ iτ2φ† =

(
φ0†

−φ−

)
transforms

as a 2 with yφ̃ = − 1
2 . All of the masses can therefore be generated with a

single Higgs doublet if one makes use of both φ and φ̃. The fact that the

fundamental and its conjugate are equivalent does not generalize to higher

unitary groups. Furthermore, in supersymmetric extensions of the standard

model the supersymmetry forbids the use of a single Higgs doublet in both

ways in the Lagrangian, and one must add a second Higgs doublet. Similar

statements apply to most theories with an additional U(1)′ gauge factor,

i.e., a heavy Z ′ boson.

1.2. Spontaneous Symmetry Breaking

Gauge invariance (and therefore renormalizability) does not allow mass

terms in the Lagrangian for the gauge bosons or for chiral fermions. Mass-

less gauge bosons are not acceptable for the weak interactions, which are

known to be short-ranged. Hence, the gauge invariance must be broken

spontaneously,13–18 which preserves the renormalizability.19–22 The idea is

that the lowest energy (vacuum) state does not respect the gauge symmetry

and induces effective masses for particles propagating through it.

Let us introduce the complex vector

v = 〈0|φ|0〉 = constant, (1.15)

which has components that are the vacuum expectation values of the various

complex scalar fields. v is determined by rewriting the Higgs potential as

a function of v, V (φ) → V (v), and choosing v such that V is minimized.

That is, we interpret v as the lowest energy solution of the classical equation

of motion‡. The quantum theory is obtained by considering fluctuations

around this classical minimum, φ = v + φ′.
The single complex Higgs doublet in the standard model can be rewrit-

ten in a Hermitian basis as

φ =

(
φ+

φ0

)
=

(
1√
2
(φ1 − iφ2)

1√
2
(φ3 − iφ4

)
, (1.16)

‡It suffices to consider constant v because any space or time dependence ∂µv would
increase the energy of the solution. Also, one can take 〈0|Aµ|0〉 = 0, because any non-
zero vacuum value for a higher-spin field would violate Lorentz invariance. However,
these extensions are involved in higher energy classical solutions (topological defects),
such as monopoles, strings, domain walls, and textures.23,24
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where φi = φ†
i represent four Hermitian fields. In this new basis the Higgs

potential becomes

V (φ) =
1

2
µ2

(
4∑

i=1

φ2
i

)
+

1

4
λ

(
4∑

i=1

φ2
i

)2

, (1.17)

which is clearly O(4) invariant. Without loss of generality we can choose

the axis in this four-dimensional space so that 〈0|φi|0〉 = 0, i = 1, 2, 4 and

〈0|φ3|0〉 = ν. Thus,

V (φ) → V (v) =
1

2
µ2ν2 +

1

4
λν4, (1.18)

which must be minimized with respect to ν. Two important cases are

illustrated in Figure 1.3. For µ2 > 0 the minimum occurs at ν = 0. That is,

the vacuum is empty space and SU(2)×U(1) is unbroken at the minimum.

On the other hand, for µ2 < 0 the ν = 0 symmetric point is unstable,

and the minimum occurs at some nonzero value of ν which breaks the

SU(2)× U(1) symmetry. The point is found by requiring

V ′(ν) = ν(µ2 + λν2) = 0, (1.19)

which has the solution ν =
(−µ2/λ

)1/2
at the minimum. (The solution for

−ν can also be transformed into this standard form by an appropriate O(4)

transformation.) The dividing point µ2 = 0 cannot be treated classically. It

is necessary to consider the one loop corrections to the potential, in which

case it is found that the symmetry is again spontaneously broken.25

We are interested in the case µ2 < 0, for which the Higgs doublet is

replaced, in first approximation, by its classical value φ → 1√
2

(
0

ν

)
≡

v. The generators L1, L2, and L3 − Y are spontaneously broken (e.g.,

L1v 6= 0). On the other hand, the vacuum carries no electric charge (Qv =

(L3 + Y )v = 0), so the U(1)Q of electromagnetism is not broken. Thus,

the electroweak SU(2)×U(1) group is spontaneously broken to the U(1)Q
subgroup, SU(2)× U(1)Y → U(1)Q.

To quantize around the classical vacuum, write φ = v+φ′, where φ′ are
quantum fields with zero vacuum expectation value. To display the physical

particle content it is useful to rewrite the four Hermitian components of φ′

in terms of a new set of variables using the Kibble transformation:26

φ =
1√
2
ei

∑
ξiLi

(
0

ν +H

)
. (1.20)
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φ

ν−ν

V (φ)

Fig. 1.3. The Higgs potential V (φ) for µ2 > 0 (dashed line) and µ2 < 0 (solid line).

H is a Hermitian field which will turn out to be the physical Higgs scalar. If

we had been dealing with a spontaneously broken global symmetry the three

Hermitian fields ξi would be the massless pseudoscalar Nambu-Goldstone

bosons27–30 that are necessarily associated with broken symmetry genera-

tors. However, in a gauge theory they disappear from the physical spec-

trum. To see this it is useful to go to the unitary gauge

φ → φ′ = e−i
∑

ξiLi

φ =
1√
2

(
0

ν +H

)
, (1.21)

in which the Goldstone bosons disappear. In this gauge, the scalar covariant

kinetic energy term takes the simple form

(Dµφ)
†Dµφ =

1

2
(0 ν)

[
g

2
τ iW i

µ +
g′

2
Bµ

]2 (
0

ν

)
+H terms

→ M2
WW+µW−

µ +
M2

Z

2
ZµZµ +H terms, (1.22)

where the kinetic energy and gauge interaction terms of the physical H par-

ticle have been omitted. Thus, spontaneous symmetry breaking generates

mass terms for the W and Z gauge bosons

W± =
1√
2
(W 1 ∓ iW 2)

Z = − sin θWB + cos θWW 3. (1.23)
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The photon field

A = cos θWB + sin θWW 3 (1.24)

remains massless. The masses are

MW =
gν

2
(1.25)

and

MZ =
√
g2 + g′2

ν

2
=

MW

cos θW
, (1.26)

where the weak angle is defined by

tan θW ≡ g′

g
⇒ sin2 θW = 1− M2

W

M2
Z

. (1.27)

One can think of the generation of masses as due to the fact that the W

and Z interact constantly with the condensate of scalar fields and therefore

acquire masses, in analogy with a photon propagating through a plasma.

The Goldstone boson has disappeared from the theory but has reemerged

as the longitudinal degree of freedom of a massive vector particle.

It will be seen below that GF /
√
2 ∼ g2/8M2

W , where GF = 1.16637(5)×
10−5 GeV−2 is the Fermi constant determined by the muon lifetime. The

weak scale ν is therefore

ν = 2MW /g ' (
√
2GF )

−1/2 ' 246 GeV. (1.28)

Similarly, g = e/ sin θW , where e is the electric charge of the positron.

Hence, to lowest order

MW = MZ cos θW ∼ (πα/
√
2GF )

1/2

sin θW
, (1.29)

where α ∼ 1/137.036 is the fine structure constant. Using sin2 θW ∼ 0.23

from neutral current scattering, one expects MW ∼ 78 GeV, and MZ ∼ 89

GeV. (These predictions are increased by ∼ (2 − 3) GeV by loop correc-

tions.) The W and Z were discovered at CERN by the UA131 and UA232

groups in 1983. Subsequent measurements of their masses and other proper-

ties have been in excellent agreement with the standard model expectations

(including the higher-order corrections).5 The current values are

MW = 80.398± 0.025 GeV, MZ = 91.1876± 0.0021 GeV. (1.30)
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1.3. The Higgs and Yukawa Interactions

The full Higgs part of L is

Lφ = (Dµφ)†Dµφ− V (φ)

= M2
WWµ+W−

µ

(
1 +

H

ν

)2

+
1

2
M2

ZZ
µZµ

(
1 +

H

ν

)2

+
1

2
(∂µH)

2 − V (φ).

(1.31)

The second line includes the W and Z mass terms and also the ZZH2,

W+W−H2 and the induced ZZH and W+W−H interactions, as shown in

Table 1.2 and Figure 1.4. The last line includes the canonical Higgs kinetic

energy term and the potential.

Table 1.2. Feynman rules for the gauge and Higgs interactions after SSB, taking
combinatoric factors into account. The momenta and quantum numbers flow into
the vertex. Note the dependence on M/ν or M2/ν.

W+
µ W−

ν H: 1
2
igµνg2ν = 2igµν

M2
W
ν

W+
µ W−

ν H2: 1
2
igµνg2 = 2igµν

M2
W

ν2

ZµZνH:
igµνg2ν

2 cos2 θW
= 2igµν

M2
Z
ν

ZµZνH2:
igµνg2

2 cos2 θW
= 2igµν

M2
Z

ν2

H3: −6iλν = −3i
M2

H
ν

H4: −6iλ = −3i
M2

H
ν2

Hf̄f : −ihf = −i
mf

ν

W+
µ (p)γν(q)W

−
σ (r) ie Cµνσ(p, q, r)

W+
µ (p)Zν(q)W

−
σ (r) i e

tan θW
Cµνσ(p, q, r)

W+
µ W+

ν W−
σ W−

ρ i e2

sin2 θW
Qµνρσ

W+
µ ZνγσW

−
ρ − i e2

tan θW
Qµρνσ

W+
µ ZνZσW

−
ρ − i e2

tan2 θW
Qµρνσ

W+
µ γνγσW

−
ρ − ie2Qµρνσ

Cµνσ(p, q, r) ≡ gµν(q − p)σ + gµσ(p− r)ν + gνσ(r − q)µ

Qµνρσ ≡ 2gµνgρσ − gµρgνσ − gµσgνρ

After symmetry breaking the Higgs potential in unitary gauge becomes

V (φ) = −µ4

4λ
− µ2H2 + λνH3 +

λ

4
H4. (1.32)

The first term in the Higgs potential V is a constant, 〈0|V (ν)|0〉 = −µ4/4λ.

It reflects the fact that V was defined so that V (0) = 0, and therefore

V < 0 at the minimum. Such a constant term is irrelevant to physics in
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W
−

ν

W
+
µ

H
2igµν

M2

W
ν

W
+
ν

W
−

µ

H

H

2igµν
M2

W
ν2

f

f

H−i
mf
ν

Zν

Zµ

H
2igµν

M2

Z
ν

Zν

Zµ

H

H

2igµν
M2

Z
ν2

H

H

H
−3i

M2

H
ν

H

H

H

H

−3i
M2

H
ν2

Fig. 1.4. Higgs interaction vertices in the standard model.

the absence of gravity, but will be seen in Section 1.5 to be one of the most

serious problems of the SM when gravity is incorporated because it acts like

a cosmological constant much larger (and of opposite sign) than is allowed

by observations. The third and fourth terms in V represent the induced

cubic and quartic interactions of the Higgs scalar, shown in Table 1.2 and

Figure 1.4.

The second term in V represents a (tree-level) mass

MH =
√
−2µ2 =

√
2λν, (1.33)

for the Higgs boson. The weak scale is given in (1.28), but the quartic

Higgs coupling λ is unknown, so MH is not predicted. A priori, λ could be

anywhere in the range 0 ≤ λ < ∞. There is an experimental lower limit

MH & 114.4 GeV at 95% cl from LEP.33 Otherwise, the decay Z → Z∗H
would have been observed.

There are also plausible theoretical limits. If λ > O(1) the theory

becomes strongly coupled (MH > O(1 TeV)). There is not really anything

wrong with strong coupling a priori. However, there are fairly convincing

triviality limits, which basically say that the running quartic coupling would

become infinite within the domain of validity of the theory if λ and therefore

MH is too large. If one requires the theory to make sense to infinite energy,
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one runs into problems§ for any λ. However, one only needs for the theory

to hold up to the next mass scale Λ, at which point the standard model

breaks down. In that case,34–36

MH <

{O(180) GeV, Λ ∼ MP

O(700) GeV, Λ ∼ 2MH .
(1.34)

The more stringent limit of O(180) GeV obtains for Λ of order of the Planck

scale MP = G
−1/2
N ∼ 1019 GeV. If one makes the less restrictive assumption

that the scale Λ of new physics can be small, one obtains a weaker limit.

Nevertheless, for the concept of an elementary Higgs field to make sense

one should require that the theory be valid up to something of order of

2MH , which implies that MH < O(700) GeV. These estimates rely on

perturbation theory, which breaks down for large λ. However, they can

be justified by nonperturbative lattice calculations,37–39 which suggest an

absolute upper limit of 650 − 700 GeV. There are also comparable upper

bounds from the validity of unitarity at the tree level,40 and lower limits

from vacuum stability.34,41–43 The latter again depends on the scale Λ, and

requires MH & 130 GeV for Λ = MP (lowered to ∼ 115 GeV if one allows

a sufficiently long-lived metastable vacuum42,43), with a weaker constraint

for lower Λ.

The Yukawa interaction in the unitary gauge becomes

−LY uk →
F∑

m,n=1

ū0
mLΓ

u
mn

(
ν +H√

2

)
u0
mR + (d, e, ν) terms + h.c.

= ū0
L (Mu + huH)u0

R + (d, e, ν) terms + h.c., (1.35)

where in the second form u0
L =

(
u0
1Lu

0
2L · · ·u0

FL

)T
is an F -component col-

umn vector, with a similar definition for u0
R. M

u is an F ×F fermion mass

matrix Mu
mn = Γu

mnν/
√
2 induced by spontaneous symmetry breaking, and

hu = Mu/ν = gMu/2MW is the Yukawa coupling matrix.

In general M is not diagonal, Hermitian, or symmetric. To identify

the physical particle content, it is necessary to diagonalize M by separate

unitary transformations AL and AR on the left- and right-handed fermion

fields. (In the special case that Mu is Hermitian, one can take AL = AR).

§This is true for a pure λH4 theory. The presence of other interactions may eliminate
the problems for small λ.



THE DAWN OF THE LHC ERA - TASI 2008
- Proceedings of the 2008 Theoretical Advanced Study Institute in Elementary Particle Physics
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/7166.html

May 21, 2010 14:42 World Scientific Review Volume - 9in x 6in Master-TASI08

Introduction to the Standard Model and Electroweak Physics 15

Then,

Au†
L MuAu

R = Mu
D =




mu 0 0

0 mc 0

0 0 mt


 (1.36)

is a diagonal matrix with eigenvalues equal to the physical masses of the

charge 2
3 quarks¶. Similarly, one diagonalizes the down quark, charged

lepton, and neutrino mass matrices by

Ad†
L MdAd

R = Md
D

Ae†
L MeAe

R = Me
D

Aν†
L MνAν

R = Mν
D.

(1.37)

In terms of these unitary matrices we can define mass eigenstate fields uL =

Au†
L u0

L = (uL cL tL)
T , with analogous definitions for uR = Au†

R u0
R, dL,R =

Ad†
L,Rd

0
L,R, eL,R = Ae†

L,Re
0
L,R, and νL,R = Aν†

L,Rν
0
L,R. Typical estimates of

the quark masses are5,9 mu ∼ 1.5−3 MeV, md ∼ 3−7 MeV, ms ∼ 70−120

MeV, mc ∼ 1.5 − 1.8 GeV, mb ∼ 4.7 − 5.0 GeV, and mt = 170.9 ± 1.8

GeV. These are the current masses: for QCD their effects are identical to

bare masses in the QCD Lagrangian. They should not be confused with

the constituent masses of order 300 MeV generated by the spontaneous

breaking of chiral symmetry in the strong interactions. Including QCD

renormalizations, the u, d, and s masses are running masses evaluated at

2 GeV2, while mc,b,t are pole masses.

So far we have only allowed for ordinary Dirac mass terms of the form

ν̄0mLν
0
nR for the neutrinos, which can be generated by the ordinary Higgs

mechanism. Another possibility are lepton number violating Majorana

masses, which require an extended Higgs sector or higher-dimensional op-

erators. It is not clear yet whether Nature utilizes Dirac masses, Majorana

masses, or both‖. What is known, is that the neutrino mass eigenvalues are

tiny compared to the other masses, . O(0.1) eV, and most experiments are

insensitive to them. In describing such processes, one can ignore Γν , and

the νR effectively decouple. Since Mν ∼ 0 the three mass eigenstates are

effectively degenerate with eigenvalues 0, and the eigenstates are arbitrary.

That is, there is nothing to distinguish them except their weak interactions,

¶From (1.36) and its conjugate one has Âu†
L MuMu†Âu

L = Âu†
R Mu†MuÂu

R = Mu2
D .

But MM† and M†M are Hermitian, so AL,R can then be constructed by elementary
techniques, up to overall phases that can be chosen to make the mass eigenvalues real
and positive, and to remove unobservable phases from the weak charged current.
‖For reviews, see Refs. [44–47].
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so we can simply define νe, νµ, ντ as the weak interaction partners of the

e, µ, and τ , which is equivalent to choosing Aν
L ≡ Ae

L so that νL = Ae†
L ν0L.

Of course, this is not appropriate for physical processes, such as oscillation

experiments, that are sensitive to the masses or mass differences.

In terms of the mass eigenstate fermions,

−LY uk =
∑

i

miψ̄iψi

(
1 +

g

2MW
H

)
=

∑

i

miψ̄iψi

(
1 +

H

ν

)
. (1.38)

The coupling of the physical Higgs boson to the ith fermion is gmi/2MW ,

which is very small except for the top quark. The coupling is flavor-diagonal

in the minimal model: there is just one Yukawa matrix for each type of

fermion, so the mass and Yukawa matrices are diagonalized by the same

transformations. In generalizations in which more than one Higgs doublet

couples to each type of fermion there will in general be flavor-changing

Yukawa interactions involving the physical neutral Higgs fields.48 There are

stringent limits on such couplings; for example, theKL−KS mass difference

implies h/MH < 10−6 GeV−1, where h is the d̄s Yukawa coupling.49–51

1.4. The Gauge Interactions

The major quantitative tests of the electroweak standard model involve the

gauge interactions of fermions and the properties of the gauge bosons. The

charged current weak interactions of the Fermi theory and its extension to

the intermediate vector boson theory∗∗ are incorporated into the standard

model, as is quantum electrodynamics. The theory successfully predicted

the existence and properties of the weak neutral current. In this section I

summarize the structure of the gauge interactions of fermions.

1.4.1. The Charged Current

The interaction of the W bosons to fermions is given by

L = − g

2
√
2

(
Jµ
WW−

µ + Jµ†
W W+

µ

)
, (1.39)

∗∗For a historical sketch, see Ref. [50].
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where the weak charge-raising current is

Jµ†
W =

F∑
m=1

[
ν̄0mγµ(1− γ5)e0m + ū0

mγµ(1− γ5)d0m
]

= (ν̄eν̄µν̄τ )γ
µ(1− γ5)V`




e−

µ−

τ−


+ (ū c̄ t̄)γµ(1− γ5)Vq




d

s

b


 .

(1.40)

Jµ†
W has a V −A form, i.e., it violates parity and charge conjugation maxi-

mally. The fermion gauge vertices are shown in Figure 1.5.

f

f

γ

−ieqf γµ

f

f

Z

−i
g

2 cos θW
γµ

(g
f
V

− g
f
A

γ5
)

dj

ui

W+

−i
g

2

√

2
γµ

(1 − γ5
)Vqij

Fig. 1.5. The fermion gauge interaction vertices in the standard electroweak model.
gfV ≡ t3fL − 2 sin2 θW qf and gfA ≡ t3fL, where t3uL = t3νL = + 1

2
, while t3dL = t3eL = − 1

2
.

The d̄juiW
− vertex is the same as for ūidjW

+ except Vqij →
(
V †
q

)
ji

= V ∗
qij . The

lepton-W± vertices are obtained from the quark ones by ui → νi, dj → e−j , and Vq → V`.

The mismatch between the unitary transformations relating the weak

and mass eigenstates for the up and down-type quarks leads to the presence

of the F × F unitary matrix Vq ≡ Au†
L Ad

L in the current. This is the

Cabibbo-Kobayashi-Maskawa (CKM) matrix,52,53 which is ultimately due

to the mismatch between the weak and Yukawa interactions. For F = 2

families Vq takes the familiar form††

VCabibbo =

(
cos θc sin θc
− sin θc cos θc

)
, (1.41)

where sin θc ' 0.22 is the Cabibbo angle. This form gives a good zeroth-

order approximation to the weak interactions of the u, d, s and c quarks;

their coupling to the third family, though non-zero, is very small. Including

††An arbitrary F × F unitary matrix involves F 2 real parameters. In this case 2F − 1
of them are unobservable relative phases in the fermion mass eigenstate fields, leaving
F (F −1)/2 rotation angles and (F −1)(F −2)/2 observable CP -violating phases. There
are an additional F − 1 Majorana phases in V` for Majorana neutrinos.
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these couplings, the 3-family CKM matrix is

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 ∼




1 λ λ3

λ 1 λ2

λ3 λ2 1


 , (1.42)

where the Vij may involve a CP -violating phase. The second form, with λ =

sin θc, is an easy to remember approximation to the observed magnitude

of each element,54 which displays a suggestive but not well understood

hierarchical structure. These are order of magnitude only; each element

may be multiplied by a phase and a coefficient of O(1).

V` ≡ Aν†
L Ae

L in (1.40) is the analogous leptonic mixing matrix. It is

critical for describing neutrino oscillations and other processes sensitive to

neutrino masses. However, for processes for which the neutrino masses are

negligible we can effectively set V` = I (more precisely, V` will only enter

such processes in the combination V †
` V` = I, so it can be ignored).

→

W +
(Q)

e− u

νe d

g

2

√

2
JW

g

2

√

2
J

†

W

e− u

νe d

−→

GF
√

2
JW J

†

W

Fig. 1.6. A weak interaction mediated by the exchange of a W and the effective four-
fermi interaction that it generates if the four-momentum transfer Q is sufficiently small.

The interaction between fermions mediated by the exchange of a W is

illustrated in Figure 1.6. In the limit |Q2| ¿ M2
W the momentum term

in the W propagator can be neglected, leading to an effective zero-range

(four-Fermi) interaction

−Lcc
eff =

GF√
2
Jµ
WJ†

Wµ, (1.43)

where the Fermi constant is identified as

GF√
2
' g2

8M2
W

=
1

2ν2
. (1.44)
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Thus, the Fermi theory is an approximation to the standard model valid

in the limit of small momentum transfer. From the muon lifetime, GF =

1.16637(5) × 10−5 GeV−2, which implies that the weak interaction scale

defined by the VEV of the Higgs field is ν =
√
2〈0|φ0|0〉 ' 246 GeV.

The charged current weak interaction as described by (1.43) has been

successfully tested in a large variety of weak decays,5,55–57 including β,

K, hyperon, heavy quark, µ, and τ decays. In particular, high preci-

sion measurements of β, µ, and τ decays are a sensitive probe of ex-

tended gauge groups involving right-handed currents and other types of

new physics, as is described in the chapters by Deutsch and Quin; Fetscher

and Gerber; and Herczeg in Ref. [57]. Tests of the unitarity of the

CKM matrix are important in searching for the presence of fourth fam-

ily or exotic fermions and for new interactions.58 The standard theory

has also been successfully probed in neutrino scattering processes such as

νµe → µ−νe, νµn → µ−p, νµN → µ−X. It works so well that the charged

current neutrino-hadron interactions are used more as a probe of the struc-

ture of the hadrons and QCD than as a test of the weak interactions.

Weak charged current effects have also been observed in higher orders,

such as in K0− K̄0, D0− D̄0, and B0− B̄0 mixing, and in CP violation in

K and B decays.5 For these higher order processes the full theory must be

used because large momenta occur within the loop integrals. An example

of the consistency between theory and experiment is shown in Figure 1.7.

1.4.2. QED

The standard model incorporates all of the (spectacular) successes of quan-

tum electrodynamics (QED), which is based on the U(1)Q subgroup that

remains unbroken after spontaneous symmetry breaking. The relevant part

of the Lagrangian density is

L = − gg′√
g2 + g′2

Jµ
Q(cos θWBµ + sin θWW 3

µ), (1.45)

where the linear combination of neutral gauge fields is just the photon

field Aµ. This reproduces the QED interaction provided one identifies the

combination of couplings

e = g sin θW (1.46)
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Fig. 1.7. The unitarity triangle, showing the consistency of various CP -conserving and
CP -violating observables from the K and B systems. ρ̄ and η̄ are the same as ρ and
η up to higher order corrections, where ρ − iη = Vub/(VcbVus). Plot courtesy of the
CKMfitter group,59 http://ckmfitter.in2p3.fr.

as the electric charge of the positron, where tan θW ≡ g′/g. The electro-

magnetic current is given by

Jµ
Q =

F∑
m=1

[
2

3
ū0
mγµu0

m − 1

3
d̄0mγµd0m − ē0mγµe0m

]

=

F∑
m=1

[
2

3
ūmγµum − 1

3
d̄mγµdm − ēmγµem

]
.

(1.47)

It takes the same form when written in terms of either weak or mass eigen-

states because all fermions which mix with each other have the same electric

charge. Thus, the electromagnetic current is automatically flavor-diagonal.

Quantum electrodynamics is the most successful theory in physics when

judged in terms of the theoretical and experimental precision of its tests.

A detailed review is given in Ref. [60]. The classical atomic tests of QED,

such as the Lamb shift, atomic hyperfine splittings, muonium (µ+e− bound

states), and positronium (e+e− bound states) are reviewed in Ref. [61].

The most precise determinations of α and the other physical constants

are surveyed in Ref. [62]. High energy tests are described in Refs. [63,

64]. The currently most precise measurements of α are compared in Table

1.3. The approximate agreement of these determinations, which involves
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the calculation of the electron anomalous magnetic moment ae = (ge −
2)/2 to high order, validates not only QED but the entire formalism of

gauge invariance and renormalization theory. Other basic predictions of

gauge invariance (assuming it is not spontaneously broken, which would

lead to electric charge nonconservation), are that the photon mass mγ and

its charge qγ (in units of e) should vanish. The current upper bounds are

extremely impressive5

mγ < 1× 10−18 eV , qγ < 5× 10−30, (1.48)

based on astrophysical effects (the survival of the Solar magnetic field and

limits on the dispersion of light from pulsars).

There is a possibly significant discrepancy between the high precision

measurement of the anomalous magnetic moment of the muon aexpµ =

11 659 208.0(5.4)(3.3) × 10−10 by the Brookhaven 821 experiment,65 and

the theoretical expectation, for which the purely QED part has been cal-

culated to 4 loops and the leading 5 loop contributions estimated (see the

review by Höcker and Marciano in Ref. [5]). In addition to the QED part,

there are weak interaction corrections (2 loop) and hadronic vacuum po-

larization and hadronic light by light scattering corrections. There is some

theoretical uncertainty in the hadronic corrections. Using estimates of the

hadronic vacuum polarization using the measured cross section for e+e− →
hadrons in a dispersion relation, one finds

aSM
µ = 116 591 788(58)× 10−11 ⇒ ∆aµ = aexpµ − aSM

µ = 292(86)× 10−11,

(1.49)

a 3.4σ discrepancy. However, using hadronic τ decay instead, the discrep-

ancy is reduced to only 0.9σ. If real, the discrepancy could single the effects

of new physics, such as the contributions of relatively light supersymmetric

particles. For example, the central value of the discrepancy in (1.49) would

be accounted for66 if

mSUSY ∼ 67
√
tanβ GeV, (1.50)

where mSUSY is the typical mass of the relevant sleptons, neutralinos, and

charginos, and tanβ is the ratio of the expectation values of the two Higgs

doublets in the theory.
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Table 1.3. Most precise determinations of the fine structure constant
α = e2/4π. ∆e is defined as

[
α−1 − α−1(ae)

] × 106. Detailed descrip-
tions and references are given in Ref. [62].
Experiment Value of α−1 Precision ∆e

ae = (ge − 2)/2 137.035 999 683 (94) [6.9× 10−10] –

h/m (Rb, Cs) 137.035 999 35 (69) [5.0× 10−9] 0.33± 0.69

Quantum Hall 137.036 003 0 (25) [1.8× 10−8] −3.3± 2.5

h/m (neutron) 137.036 007 7 (28) [2.1× 10−8] −8.0± 2.8

γp,3He (J. J.) 137.035 987 5 (43) [3.1× 10−8] 12.2± 4.3

µ+e− hyperfine 137.036 001 7 (80) [5.8× 10−8] −2.0± 8.0

1.4.3. The Neutral Current

The third class of gauge interactions is the weak neutral current, which was

predicted by the SU(2)× U(1) model. The relevant interaction is

L = −
√
g2 + g′2

2
Jµ
Z

(− sin θWBµ + cos θWW 3
µ

)
= − g

2 cos θW
Jµ
ZZµ, (1.51)

where the combination of neutral fields is the massive Z boson field.

The strength is conveniently rewritten as g/(2 cos θW ), which follows from

cos θW = g/
√
g2 + g′2.

The weak neutral current is given by

Jµ
Z =

∑
m

[
ū0
mLγ

µu0
mL − d̄0mLγ

µd0mL + ν̄0mLγ
µν0mL − ē0mLγ

µe0mL

]

− 2 sin2 θWJµ
Q

=
∑
m

[
ūmLγ

µumL − d̄mLγ
µdmL + ν̄mLγ

µνmL − ēmLγ
µemL

]

− 2 sin2 θWJµ
Q.

(1.52)

Like the electromagnetic current Jµ
Z is flavor-diagonal in the standard

model; all fermions which have the same electric charge and chirality and

therefore can mix with each other have the same SU(2)×U(1) assignments,

so the form is not affected by the unitary transformations that relate the

mass and weak bases. It was for this reason that the GIM mechanism67 was

introduced into the model, along with its prediction of the charm quark.

Without it the d and s quarks would not have had the same SU(2)×U(1) as-

signments, and flavor-changing neutral currents would have resulted. The

absence of such effects is a major restriction on many extensions of the

standard model involving exotic fermions.68 The neutral current has two
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contributions. The first only involves the left-chiral fields and is purely

V − A. The second is proportional to the electromagnetic current with

coefficient sin2 θW and is purely vector. Parity is therefore violated in the

neutral current interaction, though not maximally.

→

Z(Q)

νe d

νe d

gZ
2

JZ
gZ
2

J
†

Z

νe d

νe d

−→

GF
√

2
JZ J

†

Z

Fig. 1.8. Typical neutral current interaction mediated by the exchange of the Z, which
reduces to an effective four-fermi interaction in the limit that the momentum transfer Q
can be neglected. gZ is defined as

√
g2 + g′2.

In an interaction between fermions in the limit that the momentum

transfer is small compared to MZ one can neglect the Q2 term in the

propagator, and the interaction reduces to an effective four-fermi interaction

−LNC
eff =

GF√
2
Jµ
ZJZµ. (1.53)

The coefficient is the same as in the charged case because

GF√
2
=

g2

8M2
W

=
g2 + g′2

8M2
Z

. (1.54)

That is, the difference in Z couplings compensates the difference in masses

in the propagator.

The weak neutral current was discovered at CERN in 1973 by the

Gargamelle bubble chamber collaboration69 and by HPW at Fermilab70

shortly thereafter, and since that time Z exchange and γ − Z interference

processes have been extensively studied in many interactions, including

νe → νe, νN → νN, νN → νX; polarized e−-hadron and µ-hadron scat-

tering; atomic parity violation; and in e+e− and Z-pole reactions‡‡. Along

‡‡For reviews, see Refs. [57,71–75] and the Electroweak review in [5]. For a historical
perspective, see Ref. [76].
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with the properties of theW and Z they have been the primary quantitative

test of the unification part of the standard electroweak model.

The results of these experiments have generally been in excellent agree-

ment with the predictions of the SM, indicating that the basic structure is

correct to first approximation and constraining the effects of possible new

physics. One exception are the recent precise measurements of the ratios of

neutral to charged current deep inelastic neutrino scattering by the NuTeV

collaboration at Fermilab,77 with a sign-selected beam which allowed them

to minimize the effects of the c threshold in the charged current denomina-

tor. They obtained a value of sin2 θW = 1−M2
W /M2

Z of 0.2277(16), which is

3.0σ above the global fit value of 0.2231(3), possibly indicating new physics.

However, the effect is reduced to ∼ 2σ if one incorporates the effects of the

difference between the strange and antistrange quark momentum distribu-

tions, S− ≡ ∫ 1

0
dxx[s(x)− s̄(x)] = 0.00196± 0.00135, from dimuon events,

recently reported by NuTeV.78 Other possible effects that could contribute

are large isospin violation in the nucleon sea, next to leading order QCD

effects and electroweak corrections, and nuclear shadowing (for a review,

see Ref. [5]).

1.4.4. The Z-Pole and Above

The cross section for e+e− annihilation is greatly enhanced near the Z-

pole. This allowed high statistics studies of the properties of the Z at LEP

(CERN) and SLC (SLAC) in e−e+ → Z → `−`+, qq̄, and νν̄ ∗. The

four experiments ALEPH, DELPHI, L3, and OPAL at LEP collected some

1.7 × 107 events at or near the Z-pole during the period 1989-1995. The

SLD collaboration at the SLC observed some 6 × 105 events during 1992-

1998, with the lower statistics compensated by a highly polarized e− beam

with Pe− & 75%.

The basic Z-pole observables relevant to the precision program are:

• The lineshape variables MZ , ΓZ , and σpeak.

• The branching ratios for Z to decay into e−e+, µ−µ+, or τ−τ+;
into qq̄, cc̄, or bb̄; or into invisible channels such as νν̄ (allowing

a determination of the number Nν = 2.985 ± 0.009 of neutrinos

lighter than MZ/2).

• Various asymmetries, including forward-backward (FB), hadronic

FB charge, polarization (LR), mixed FB-LR, and the polarization

∗For reviews, see Ref. [79] and the articles by D. Schaile and by A. Blondel in Ref. [57].
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of produced τ ’s.

The branching ratios and FB asymmetries could be measured separately

for e, µ, and τ , allowing tests of lepton family universality.

LEP and SLC simultaneously carried out other programs, most notably

studies and tests of QCD, and heavy quark physics.

The second phase of LEP, LEP 2, ran at CERN from 1996-2000, with

energies gradually increasing from ∼ 140 to ∼ 209 GeV.80 The principal

electroweak results were precise measurements of the W mass, as well as

its width and branching ratios; a measurement of e+e− → W+W−, ZZ,

and single W , as a function of center of mass (CM) energy, which tests

the cancellations between diagrams that is characteristic of a renormaliz-

able gauge field theory, or, equivalently, probes the triple gauge vertices;

limits on anomalous quartic gauge vertices; measurements of various cross

sections and asymmetries for e+e− → ff̄ for f = µ−, τ−, q, b and c, in

reasonable agreement with SM predictions; and a stringent lower limit of

114.4 GeV on the Higgs mass, and even hints of an observation at ∼ 116

GeV. LEP2 also studied heavy quark properties, tested QCD, and searched

for supersymmetric and other exotic particles.

The Tevatron p̄p collider at Fermilab has run from ∼1987, with a CM

energy of nearly 2 TeV. The CDF and D0 collaborations there discovered

the top quark in 1995, with a mass consistent with the predictions from the

precision electroweak and B/K physics observations; have measured the t

mass, the W mass and decay properties, and leptonic asymmetries; carried

out Higgs searches; observed Bs−B̄s mixing and other aspects of B physics;

carried out extensive QCD tests; and searched for anomalous triple gauge

couplings, heavy W ′ and Z ′ gauge bosons, exotic fermions, supersymmetry,

and other types of new physics.5 The HERA e±p collider at DESY observed

W propagator and Z exchange effects, searched for leptoquark and other

exotic interactions, and carried out a major program of QCD tests and

structure functions studies.81

The principal Z-pole, Tevatron, and weak neutral current experimental

results are listed and compared with the SM best fit values in Tables 1.4

and 1.5. The Z-pole observations are in excellent agreement with the SM

expectations except for A0,b
FB , which is the forward-backward asymmetry in

e−e+ → bb̄. This could be a fluctuation or a hint of new physics (which

might be expected to couple most strongly to the third family). As of

November, 2007, the result of the Particle Data Group5 global fit to all of
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the data was

MH = 77+28
−22 GeV, mt = 171.1± 1.9 GeV

αs = 0.1217(17), α̂(M2
Z)

−1 = 127.909(19), ∆α
(5)
had = 0.02799(14)

ŝ2Z = 0.23119(14), s̄2` = 0.23149(13), s2W = 0.22308(30),

(1.55)

with a good overall χ2/df of 49.4/42. The three values of the weak angle s2

refer to the values found using various renormalization prescriptions, viz.

the MS, effective Z-lepton vertex, and on-shell values, respectively. The

latter has a larger uncertainty because of a stronger dependence on the top

mass. ∆α
(5)
had(MZ) is the hadronic contribution to the running of the fine

structure constant α̂ in the MS scheme to the Z-pole.

The data are sensitive to mt, αs (evaluated at MZ), and MH , which en-

ter the radiative corrections. The precision data alone yieldmt = 174.7+10.0
−7.8

GeV, in impressive agreement with the direct Tevatron value 170.9 ± 1.9.

The Z-pole data alone yield αs = 0.1198(20), in good agreement with the

world average of 0.1176(20), which includes other determinations at lower

scales. The higher value in (1.55) is due to the inclusion of data from

hadronic τ decays†.
The prediction for the Higgs mass from indirect data‡,MH= 77+28

−22 GeV,

should be compared with the direct LEP 2 limit MH & 114.4 (95%) GeV.33

There is no direct conflict given the large uncertainty in the prediction,

but the central value is in the excluded region, as can be seen in Figure

1.9. Including the direct LEP 2 exclusion results, one finds MH < 167

GeV at 95%. As of this writing CDF and D0 are becoming sensitive to

the upper end of this range, and have a good chance of discovering or

excluding the SM Higgs in the entire allowed region. We saw in Section

1.3 that there is a theoretical range 115 GeV < MH < 180 GeV in the

SM provided it is valid up to the Planck scale, with a much wider allowed

range otherwise. The experimental constraints on MH are encouraging

for supersymmetric extensions of the SM, which involve more complicated

Higgs sectors. The quartic Higgs self-interaction λ in (1.10) is replaced by

gauge couplings, leading to a theoretical upper limit MH . 130 GeV in the

minimal supersymmetric extension (MSSM), while MH can be as high as

150 GeV in generalizations. In the decoupling limit in which the second

Higgs doublet is much heavier, the direct search lower limit is similar to the
†A recent reevaluation of the theoretical formula82 lowers the τ value to 0.1187(16),
consistent with the other determinations.
‡The predicted value would decrease if new physics accounted for the value of A

(0b)
FB .83
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Table 1.4. Principal Z-pole observables, their experimental values, theoretical
predictions using the SM parameters from the global best fit with MH free
(yielding MH = 77+28

−22 GeV), pull (difference from the prediction divided by
the uncertainty), and Dev. (difference for fit with MH fixed at 117 GeV, just
above the direct search limit of 114.4 GeV), as of 11/07, from Ref. [5]. Γ(had),
Γ(inv), and Γ(`+`−) are not independent.

Quantity Value Standard Model Pull Dev.

MZ [GeV] 91.1876± 0.0021 91.1874± 0.0021 0.1 −0.1

ΓZ [GeV] 2.4952± 0.0023 2.4968± 0.0010 −0.7 −0.5

Γ(had) [GeV] 1.7444± 0.0020 1.7434± 0.0010 — —

Γ(inv) [MeV] 499.0± 1.5 501.59± 0.08 — —

Γ(`+`−) [MeV] 83.984± 0.086 83.988± 0.016 — —

σhad [nb] 41.541± 0.037 41.466± 0.009 2.0 2.0

Re 20.804± 0.050 20.758± 0.011 0.9 1.0

Rµ 20.785± 0.033 20.758± 0.011 0.8 0.9

Rτ 20.764± 0.045 20.803± 0.011 −0.9 −0.8

Rb 0.21629± 0.00066 0.21584± 0.00006 0.7 0.7

Rc 0.1721± 0.0030 0.17228± 0.00004 −0.1 −0.1

A0,e
FB 0.0145± 0.0025 0.01627± 0.00023 −0.7 −0.6

A0,µ
FB 0.0169± 0.0013 0.5 0.7

A0,τ
FB 0.0188± 0.0017 1.5 1.6

A0,b
FB 0.0992± 0.0016 0.1033± 0.0007 −2.5 −2.0

A0,c
FB 0.0707± 0.0035 0.0738± 0.0006 −0.9 −0.7

A0,s
FB 0.0976± 0.0114 0.1034± 0.0007 −0.5 −0.4

s̄2` (A
0,q
FB) (LEP) 0.2324± 0.0012 0.23149± 0.00013 0.8 0.6

s̄2` (A
0,e
FB) (CDF) 0.2238± 0.0050 −1.5 −1.6

Ae (hadronic) 0.15138± 0.00216 0.1473± 0.0011 1.9 2.4

(leptonic) 0.1544± 0.0060 1.2 1.4

(Pτ ) 0.1498± 0.0049 0.5 0.7

Aµ 0.142± 0.015 −0.4 −0.3

Aτ (SLD) 0.136± 0.015 −0.8 −0.7

(Pτ ) 0.1439± 0.0043 −0.8 −0.5

Ab 0.923± 0.020 0.9348± 0.0001 −0.6 −0.6

Ac 0.670± 0.027 0.6679± 0.0005 0.1 0.1

As 0.895± 0.091 0.9357± 0.0001 −0.4 −0.4

standard model. However, the direct limit is considerably lower in the non-

decoupling region in which the new supersymmetric particles and second

Higgs are relatively light.33,84,85

It is interesting to compare the Z boson couplings measured at different

energy scales. The renormalized weak angle measured at different scales in

the MS scheme is displayed in Figure 1.10.

The precision program has also been used to search for and constrain the
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Table 1.5. Principal non-Z-pole observables, as of 11/07, from Ref. [5].
mt is from the direct CDF and D0 measurements at the Tevatron; MW

is determined mainly by CDF, D0, and the LEP II collaborations; g2L,
corrected for the s − s̄ asymmetry, and g2R are from NuTeV; gνeV are
dominated by the CHARM II experiment at CERN; APV is from the
SLAC polarized Møller asymmetry; and the QW are from atomic parity
violation.

Quantity Value Standard Model Pull Dev.

mt [GeV] 170.9± 1.8± 0.6 171.1± 1.9 −0.1 −0.8

MW (p̄p) 80.428± 0.039 80.375± 0.015 1.4 1.7

MW (LEP) 80.376± 0.033 0.0 0.5

g2L 0.3010± 0.0015 0.30386± 0.00018 −1.9 −1.8

g2R 0.0308± 0.0011 0.03001± 0.00003 0.7 0.7

gνeV −0.040± 0.015 −0.0397± 0.0003 0.0 0.0

gνeA −0.507± 0.014 −0.5064± 0.0001 0.0 0.0

APV × 107 −1.31± 0.17 −1.54± 0.02 1.3 1.2

QW (Cs) −72.62± 0.46 −73.16± 0.03 1.2 1.2

QW (Tl) −116.4± 3.6 −116.76± 0.04 0.1 0.1

effects of possible new TeV scale physics∗. This includes the effects of pos-

sible mixing between ordinary and exotic heavy fermions,68 new W ′ or Z ′

gauge bosons,88,89 leptoquarks,80,90–92 Kaluza-Klein excitations in extra-

dimensional theories,5,93–95 and new four-fermion operators,80,90,96,97 all of

which can effect the observables at tree level. The oblique corrections,98,99

which only affect the W and Z self energies, are also constrained. The

latter may be generated, e.g., by heavy non-degenerate scalar or fermion

multiplets and heavy chiral fermions,5 such as are often found in models

that replace the elementary Higgs by a dynamical mechanism.100 A ma-

jor implication of supersymmetry is through the small mass expected for

the lightest Higgs boson. Other supersymmetric effects are small in the

decoupling limit in which the superpartners and extra Higgs doublet are

heavier than a few hundred GeV.84,85,101,102 The precisely measured gauge

couplings at the Z-pole are also important for testing the ideas of gauge

coupling unification,103 which works extremely well in the MSSM.104–107

∗For reviews, see Refs. [5,74,75,87].
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Fig. 1.9. 1σ allowed regions in MH vs mt and the 90% cl global fit region from precision
data, compared with the direct exclusion limits from LEP 2. Plot courtesy of the Particle
Data Group.5

1.4.5. Gauge Self-interactions

The SU(2) gauge kinetic energy terms in (1.6) lead to 3 and 4-point gauge

self-interactions for the W ’s,

LW3 =− ig
(
∂ρW

3
ν

)
W+

µ W−
σ

[
gρµgνσ − gρσgνµ

]

− ig
(
∂ρW

+
µ

)
W 3

νW
−
σ

[
gρσgµν − gρνgµσ

]

− ig
(
∂ρW

−
σ

)
W 3

νW
+
µ

[
gρνgµσ − gρµgνσ

]
,

(1.56)

and

LW4 =
g2

4

[
W+

µ W+
ν W−

σ W−
ρ Qµνρσ − 2W+

µ W 3
νW

3
σW

−
ρ Qµρνσ

]
, (1.57)

where

Qµνρσ ≡ 2gµνgρσ − gµρgνσ − gµσgνρ. (1.58)



THE DAWN OF THE LHC ERA - TASI 2008
- Proceedings of the 2008 Theoretical Advanced Study Institute in Elementary Particle Physics
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/7166.html

May 21, 2010 14:42 World Scientific Review Volume - 9in x 6in Master-TASI08

30 P. Langacker

0.001 0.01 0.1 1 10 100 1000
Q [GeV]

0.225

0.230

0.235

0.240

0.245

0.250

si
n2

θ W^
(Q

)

APV

Qweak

APV

ν-DIS
AFB

Z-pole

current
future
SM

Fig. 1.10. Running ŝ2Z(Q2) measured at various scales, compared with the predictions
of the SM.86 The low energy points are from atomic parity violation (APV), the polarized
Møller asymmetry (PV) and deep inelastic neutrino scattering (corrected for an s − s̄
asymmetry). Qweak shows the expected sensitivity of a future polarized e− measurement
at Jefferson Lab. Plot courtesy of the Particle Data Group.5

These carry over to the W , Z, and γ self-interactions provided we replace

W 3 by cos θWZ + sin θWA using (1.23) and (1.24) (the B has no self-

interactions). The resulting vertices follow from the matrix element of iL
after including identical particle factors and using g = e/ sin θW . They are

listed in Table 1.2 and shown in Fig. 1.11.

The gauge self-interactions are essential probes of the structure and con-

sistency of a spontaneously-broken non-abelian gauge theory. Even tiny

deviations in their form or value would destroy the delicate cancellations

needed for renormalizability, and would signal the need either for com-

pensating new physics (e.g., from mixing with other gauge bosons or new

particles in loops), or of a more fundamental breakdown of the gauge prin-

ciple, e.g., from some forms of compositeness. They have been constrained
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Fig. 1.11. The three and four point-self-interactions of gauge bosons in the standard
electroweak model. The momenta and charges flow into the vertices.
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by measuring the total cross section and various decay distributions for

e−e+ → W−W+ at LEP 2, and by observing p̄p → W+W−,WZ, and Wγ

at the Tevatron. Possible anomalies in the predicted quartic vertices in

Table 1.2, and the neutral cubic vertices for ZZZ, ZZγ, and Zγγ, which

are absent in the SM, have also been constrained by LEP 2.80

The three tree-level diagrams for e−e+ → W−W+ are shown in Figure

1.12. The cross section from any one or two of these rises rapidly with

center of mass energy, but gauge invariance relates these three-point ver-

tices to the couplings of the fermions in such a way that at high energies

there is a cancellation. It is another manifestation of the cancellation in a

gauge theory which brings higher-order loop integrals under control, lead-

ing to a renormalizable theory. It is seen in Figure 1.13 that the expected

cancellations do occur.

νe

W − W +

e− e+

γ

W − W +

e− e+

Z

W − W +

e− e+

Fig. 1.12. Tree-level diagrams contributing to e+e− → W+W−.

1.5. Problems with the Standard Model

For convenience we summarize the Lagrangian density after spontaneous

symmetry breaking:

L = Lgauge + Lφ +
∑
r

ψ̄r

(
i 6∂ −mr − mrH

ν

)
ψr

− g

2
√
2

(
Jµ
WW−

µ + Jµ†
W W+

µ

)
− eJµ

QAµ − g

2 cos θW
Jµ
ZZµ,

(1.59)

where the self-interactions for the W±, Z, and γ are given in (1.56) and

(1.57), Lφ is given in (1.31), and the fermion currents in (1.40), (1.47), and

(1.52). For Majorana νL masses generated by a higher dimensional operator

involving two factors of the Higgs doublet, as in the seesaw model, the ν
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Fig. 1.13. Cross section for e−e+ → W−W+ compared with the SM expecta-
tion. Also shown is the expectation from t channel νe exchange only, and for the
νe and γ diagrams only. Plot courtesy of the LEP Electroweak Working Group,80

http://www.cern.ch/LEPEWWG/.

term in (1.59) is replaced by

L =
∑
r

ν̄rLi 6∂νrL − 1

2
mνr

(
ν̄rLν

c
rR + h.c.

)(
1 +

H

ν

)2

, (1.60)

where νcrR is the CP conjugate to νL (see, e.g., Ref. [45]).

The standard electroweak model is a mathematically-consistent renor-

malizable field theory which predicts or is consistent with all experimental

facts. It successfully predicted the existence and form of the weak neutral

current, the existence and masses of the W and Z bosons, and the charm

quark, as necessitated by the GIM mechanism. The charged current weak

interactions, as described by the generalized Fermi theory, were successfully

incorporated, as was quantum electrodynamics. The consistency between
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theory and experiment indirectly tested the radiative corrections and ideas

of renormalization and allowed the successful prediction of the top quark

mass. Although the original formulation did not provide for massive neu-

trinos, they are easily incorporated by the addition of right-handed states

νR (Dirac) or as higher-dimensional operators, perhaps generated by an

underlying seesaw (Majorana). When combined with quantum chromody-

namics for the strong interactions, the standard model is almost certainly

the approximately correct description of the elementary particles and their

interactions down to at least 10−16cm, with the possible exception of the

Higgs sector or new very weakly coupled particles. When combined with

general relativity for classical gravity the SM accounts for most of the ob-

served features of Nature (though not for the dark matter and energy).

However, the theory has far too much arbitrariness to be the final story.

For example, the minimal version of the model has 20 free parameters for

massless neutrinos and another 7 (9) for massive Dirac (Majorana) neu-

trinos∗, not counting electric charge (i.e., hypercharge) assignments. Most

physicists believe that this is just too much for the fundamental theory.

The complications of the standard model can also be described in terms of

a number of problems.

The Gauge Problem

The standard model is a complicated direct product of three subgroups,

SU(3) × SU(2) × U(1), with separate gauge couplings. There is no ex-

planation for why only the electroweak part is chiral (parity-violating).

Similarly, the standard model incorporates but does not explain another

fundamental fact of nature: charge quantization, i.e., why all particles have

charges which are multiples of e/3. This is important because it allows

the electrical neutrality of atoms (|qp| = |qe|). The complicated gauge

structure suggests the existence of some underlying unification of the inter-

actions, such as one would expect in a superstring108–110 or grand unified

theory.88,111–114 Charge quantization can also be explained in such theories,

though the “wrong” values of charge emerge in some constructions due to

different hypercharge embeddings or non-canonical values of Y (e.g., some

string constructions lead to exotic particles with charges of ±e/2). Charge

quantization may also be explained, at least in part, by the existence of

∗12 fermion masses (including the neutrinos), 6 mixing angles, 2 CP violation phases
(+ 2 possible Majorana phases), 3 gauge couplings, MH , ν, θQCD, MP , Λcosm, minus
one overall mass scale since only mass ratios are physical.
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magnetic monopoles115 or the absence of anomalies†, but either of these is

likely to find its origin in some kind of underlying unification.

The Fermion Problem

All matter under ordinary terrestrial conditions can be constructed out of

the fermions (νe, e
−, u, d) of the first family. Yet we know from laboratory

studies that there are ≥ 3 families: (νµ, µ
−, c, s) and (ντ , τ

−, t, b) are heav-

ier copies of the first family with no obvious role in nature. The standard

model gives no explanation for the existence of these heavier families and

no prediction for their numbers. Furthermore, there is no explanation or

prediction of the fermion masses, which are observed to occur in a hierar-

chical pattern which varies over 5 orders of magnitude between the t quark

and the e−, or of the quark and lepton mixings. Even more mysterious are

the neutrinos, which are many orders of magnitude lighter still. It is not

even certain whether the neutrino masses are Majorana or Dirac. A related

difficulty is that while the CP violation observed in the laboratory is well

accounted for by the phase in the CKM matrix, there is no SM source of

CP breaking adequate to explain the baryon asymmetry of the universe.

There are many possible suggestions of new physics that might shed

light on these questions. The existence of multiple families could be due

to large representations of some string theory or grand unification, or they

could be associated with different possibilities for localizing particles in

some higher dimensional space. The latter could also be associated with

string compactifications, or by some effective brane world scenario.5,93–95

The hierarchies of masses and mixings could emerge from wave function

overlap effects in such higher-dimensional spaces. Another interpretation,

also possible in string theories, is that the hierarchies are because some of

the mass terms are generated by higher dimensional operators and there-

fore suppressed by powers of 〈0|S|0〉/MX , where S is some standard model

singlet field and MX is some large scale such as MP . The allowed oper-

ators could perhaps be enforced by some family symmetry.116 Radiative

hierarchies,117 in which some of the masses are generated at the loop level,

or some form of compositeness are other possibilities. Despite all of these

ideas there is no compelling model and none of these yields detailed pre-

dictions. Grand unification by itself doesn’t help very much, except for the

prediction of mb in terms of mτ in the simplest versions.

†The absence of anomalies is not sufficient to determine all of the Y assignments without
additional assumptions, such as family universality.
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The small values for the neutrino masses suggest that they are associated

with Planck or grand unification physics, as in the seesaw model, but there

are other possibilities.44–47

Almost any type of new physics is likely to lead to new sources of CP

violation.

The Higgs/Hierarchy Problem

In the standard model one introduces an elementary Higgs field to generate

masses for theW , Z, and fermions. For the model to be consistent the Higgs

mass should not be too different from the W mass. If MH were to be larger

than MW by many orders of magnitude the Higgs self-interactions would

be excessively strong. Theoretical arguments suggest that MH . 700 GeV

(see Section 1.3).

However, there is a complication. The tree-level (bare) Higgs mass

receives quadratically-divergent corrections from the loop diagrams in Fig-

ure 1.14. One finds

H

H H
λ

W

H H
g2

W

W

H Hg g

f

f

H H
h h

Fig. 1.14. Radiative corrections to the Higgs mass, including self-interactions, interac-
tions with gauge bosons, and interactions with fermions.

M2
H = (M2

H)bare +O(λ, g2, h2)Λ2, (1.61)

where Λ is the next higher scale in the theory. If there were no higher scale

one could simply interpret Λ as an ultraviolet cutoff and take the view that

MH is a measured parameter, with (MH)bare not observable. However,
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the theory is presumably embedded in some larger theory that cuts off the

momentum integral at the finite scale of the new physics∗. For example, if

the next scale is gravity Λ is the Planck scale MP = G
−1/2
N ∼ 1019 GeV. In

a grand unified theory, one would expect Λ to be of order the unification

scale MX ∼ 1014 GeV. Hence, the natural scale for MH is O(Λ), which

is much larger than the expected value. There must be a fine-tuned and

apparently highly contrived cancellation between the bare value and the

correction, to more than 30 decimal places in the case of gravity. If the

cutoff is provided by a grand unified theory there is a separate hierarchy

problem at the tree-level. The tree-level couplings between the Higgs field

and the superheavy fields lead to the expectation that MH is close to the

unification scale unless unnatural fine-tunings are done, i.e., one does not

understand why (MW /MX)2 is so small in the first place.

One solution to this Higgs/hierarchy problem is TeV scale supersym-

metry, in which the quadratically-divergent contributions of fermion and

boson loops cancel, leaving only much smaller effects of the order of

supersymmetry-breaking. (However, supersymmetric grand unified theo-

ries still suffer from the tree-level hierarchy problem.) There are also (non-

supersymmetric) extended models in which the cancellations are between

bosons or between fermions. This class includes Little Higgs models,118,119

in which the Higgs is forced to be lighter than new TeV scale dynamics be-

cause it is a pseudo-Goldstone boson of an approximate underlying global

symmetry, and Twin-Higgs models.120

Another possibility is to eliminate the elementary Higgs fields, replacing

them with some dynamical symmetry breaking mechanism based on a new

strong dynamics.100 In technicolor, for example, the SSB is associated with

the expectation value of a fermion bilinear, analogous to the breaking of

chiral symmetry in QCD. Extended technicolor, top-color, and composite

Higgs models all fall into this class.

Large and/or warped extra dimensions121–123 can also resolve the diffi-

culties, by altering the relation between MP and a much lower fundamental

scale, by providing a cutoff at the inverse of the extra dimension scale, or

by using the boundary conditions in the extra dimensions to break the elec-

troweak symmetry (Higgsless models124). Deconstruction models, in which

no extra dimensions are explicity introduced,125,126 are closely related.

Most of the models mentioned above have the potential to generate fla-

vor changing neutral current and CP violation effects much larger than

∗There is no analogous fine-tuning associated with logarithmic divergences, such as those
encountered in QED, because α ln(Λ/me) < O(1) even for Λ = MP .
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observational limits. Pushing the mass scales high enough to avoid these

problems may conflict with a natural solution to the hierarchy problem,

i.e., one may reintroduce a little hierarchy problem. Many are also strongly

constrained by precision electroweak physics. In some cases the new physics

does not satisfy the decoupling theorem,127 leading to large oblique correc-

tions. In others new tree-level effects may again force the scale to be too

high. The most successful from the precision electroweak point of view are

those which have a discrete symmetry which prevents vertices involving

just one heavy particle, such as R-parity in supersymmetry, T -parity in

some little Higgs models,128 and KK-parity in universal extra dimension

models.129

A very different possibility is to accept the fine-tuning, i.e., to abandon

the notion of naturalness for the weak scale, perhaps motivated by anthropic

considerations.130 (The anthropic idea will be considered below in the

discussion of the gravity problem.) This could emerge, for example, in split

supersymmetry.131

The Strong CP Problem

Another fine-tuning problem is the strong CP problem.132–134 One can

add an additional term
θQCD

32π2 g2sGG̃ to the QCD Lagrangian density which

breaks P , T and CP symmetry∗. G̃i
µν = εµναβG

αβi/2 is the dual field

strength tensor. This term, if present, would induce an electric dipole mo-

ment dN for the neutron. The rather stringent limits on the dipole moment

lead to the upper bound |θQCD| < 10−11. The question is, therefore, why

is θQCD so small? It is not sufficient to just say that it is zero (i.e., to

impose CP invariance on QCD) because of the observed violation of CP

by the weak interactions. As discussed in Sec. 1.4.1, this is believed to be

associated with phases in the quark mass matrices. The quark phase re-

definitions which remove them lead to a shift in θQCD by O(10−3) because

of the anomaly in the vertex coupling the associated global current to two

gluons. Therefore, an apparently contrived fine-tuning is needed to cancel

this correction against the bare value. Solutions include the possibility that

CP violation is not induced directly by phases in the Yukawa couplings, as

is usually assumed in the standard model, but is somehow violated spon-

taneously. θQCD then would be a calculable parameter induced at loop

level, and it is possible to make θQCD sufficiently small. However, such

∗One could add an analogous term for the weak SU(2) group, but it does not lead to
observable consequences, at least within the SM.133,135
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models lead to difficult phenomenological and cosmological problems†. Al-
ternately, θQCD becomes unobservable (i.e., can be rotated away) if there

is a massless u quark.138 However, most phenomenological estimates139

are not consistent with mu = 0. Another possibility is the Peccei-Quinn

mechanism,140 in which an extra global U(1) symmetry is imposed on the

theory in such a way that θQCD becomes a dynamical variable which is

zero at the minimum of the potential. The spontaneous breaking of the

symmetry, along with explicit breaking associated with the anomaly and

instanton effects, leads to a very light pseudo-Goldstone boson known as an

axion.141,142 Laboratory, astrophysical, and cosmological constraints sug-

gest the range 109 − 1012 GeV for the scale at which the U(1) symmetry is

broken.

The Gravity Problem

Gravity is not fundamentally unified with the other interactions in the stan-

dard model, although it is possible to graft on classical general relativity by

hand. However, general relativity is not a quantum theory, and there is no

obvious way to generate one within the standard model context. Possible

solutions include Kaluza-Klein143 and supergravity144–146 theories. These

connect gravity with the other interactions in a more natural way, but

do not yield renormalizable theories of quantum gravity. More promising

are superstring theories (which may incorporate the above), which unify

gravity and may yield finite theories of quantum gravity and all the other

interactions. String theories are perhaps the most likely possibility for

the underlying theory of particle physics and gravity, but at present there

appear to be a nearly unlimited number of possible string vacua (the land-

scape), with no obvious selection principle. As of this writing the particle

physics community is still trying to come to grips with the landscape and

its implications. Superstring theories naturally imply some form of super-

symmetry, but it could be broken at a high scale and have nothing to do

with the Higgs/hierarachy problem (split supersymmetry is a compromise,

keeping some aspects at the TeV scale).

In addition to the fact that gravity is not unified and not quantized there

is another difficulty, namely the cosmological constant. The cosmological

constant can be thought of as the energy of the vacuum. However, we saw

in Sec. 1.3 that the spontaneous breaking of SU(2)×U(1) generates a value

〈0|V (ν)|0〉 = −µ4/4λ for the expectation value of the Higgs potential at the

†Models in which the CP breaking occurs near the Planck scale may be viable.136,137
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minimum. This is a c-number which has no significance for the microscopic

interactions. However, it assumes great importance when the theory is

coupled to gravity, because it contributes to the cosmological constant.

The cosmological constant becomes

Λcosm = Λbare + ΛSSB , (1.62)

where Λbare = 8πGNV (0) is the primordial cosmological constant, which

can be thought of as the value of the energy of the vacuum in the ab-

sence of spontaneous symmetry breaking. (The definition of V (φ) in (1.10)

implicitly assumed Λbare = 0.) ΛSSB is the part generated by the Higgs

mechanism:

|ΛSSB | = 8πGN |〈0|V |0〉| ∼ 1056Λobs. (1.63)

It is some 1056 times larger in magnitude than the observed value Λobs ∼
(0.0024 eV)4/8πGN (assuming that the dark energy is due to a cosmological

constant), and it is of the wrong sign.

This is clearly unacceptable. Technically, one can solve the problem by

adding a constant +µ4/4λ to V , so that V is equal to zero at the minimum

(i.e., Λbare = 2πGNµ4/λ). However, with our current understanding there

is no reason for Λbare and ΛSSB to be related. The need to invoke such

an incredibly fine-tuned cancellation to 50 decimal places is probably the

most unsatisfactory feature of the standard model. The problem becomes

even worse in superstring theories, where one expects a vacuum energy of

O(M4
P ) for a generic point in the landscape, leading to Λobs & 10123|Λobs|.

The situation is almost as bad in grand unified theories.

So far no compelling solution to the cosmological constant problem has

emerged. One intriguing possibility invokes the anthropic (environmental)

principle,147–149 i.e., that a much larger or smaller value of |Λcosm| would
not have allowed the possibility for life to have evolved because the Universe

would have expanded or recollapsed too rapidly.150 This would be a rather

meaningless argument unless (a) Nature somehow allows a large variety

of possibilities for |Λcosm| (and possibly other parameters or principles)

such as in different vacua, and (b) there is some mechanism to try all or

many of them. In recent years it has been suggested that both of these

needs may be met. There appear to be an enormous landscape of possible

superstring vacua,151–154 with no obvious physical principle to choose one

over the other. Something like eternal inflation155 could provide the means

to sample them, so that only the environmentally suitable vacua lead to
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long-lived Universes suitable for life. These ideas are highly controversial

and are currently being heatedly debated.

The New Ingredients

It is now clear that the standard model requires a number of new ingredi-

ents. These include

• A mechanism for small neutrino masses. The most popular

possibility is the minimal seesaw model, implying Majorana masses,

but there are other plausible mechanisms for either small Dirac or

Majorana masses.44–47

• A mechanism for the baryon asymmetry. The standard

model has neither the nonequilibrium condition nor sufficient CP

violation to explain the observed asymmetry between baryons and

antibaryons in the Universe156–158∗. One possibility involves the

out of equilibrium decays of superheavy Majorana right-handed

neutrinos (leptogenesis162,163), as expected in the minimal seesaw

model. Another involves a strongly first order electroweak phase

transition (electroweak baryogenesis164). This is not expected in

the standard model, but could possibly be associated with loop ef-

fects in the minimal supersymmetric extension (MSSM) if one of

the scalar top quarks is sufficiently light.165 However, it is most

likely in extensions of the MSSM involving SM singlet Higgs fields

that can generate a dynamical µ term, which can easily lead to

strong first order transitions at tree-level.166 Such extensions would

likely yield signatures observable at the LHC. Both the seesaw mod-

els and the singlet extensions of the MSSM could also provide the

needed new sources of CP violation. Other possibilities for the

baryon asymmetry include the decay of a coherent scalar field,

such as a scalar quark or lepton in supersymmetry (the Affleck-

Dine mechanism167), or CPT violation.168,169 Finally, one cannot

totally dismiss the possibility that the asymmetry is simply due

to an initial condition on the big bang. However, this possibility

disappears if the universe underwent a period of rapid inflation.170

∗The third necessary ingredient, baryon number nonconservation, is present in the SM
because of non-perturbative vacuum tunnelling (instanton) effects.159 These are negligi-
ble at zero temperature where they are exponentially suppressed, but important at high
temperatures due to thermal fluctuations (sphaleron configurations), before or during
the electroweak phase transition.160,161
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• What is the dark energy? In recent years, a remarkable concor-

dance of cosmological observations involving the cosmic microwave

background radiation (CMB), acceleration of the Universe as deter-

mined by Type Ia supernova observations, large scale distribution

of galaxies and clusters, and big bang nucleosynthesis has allowed

precise determinations of the cosmological parameters:5,171–173 the

Universe is close to flat, with some form of dark energy making up

about 74% of the energy density. Dark matter constitutes & 21%,

while ordinary matter (mainly baryons) represents only about 4-

5%. The mysterious dark energy,174–176 which is the most impor-

tant contribution to the energy density and leads to the accelera-

tion of the expansion of the Universe, is not accounted for in the

SM. It could be due to a cosmological constant that is incredibly

tiny on the particle physics scale, or to a slowly time varying field

(quintessence). Is the acceleration somehow related to an earlier

and much more dramatic period of inflation170? If it is associated

with a time-varying field, could it be connected with a possible

time variation of coupling “constants”177?

• What is the dark matter? Similarly, the standard model has no

explanation for the observed dark matter, which contributes much

more to the matter in the Universe than the stuff we are made of.

It is likely, though not certain, that the dark matter is associated

with elementary particles. An attractive possibility is weakly in-

teracting massive particles (WIMPs), which are typically particles

in the 102 − 103 GeV range with weak interaction strength cou-

plings, and which lead naturally to the observed matter density.

These could be associated with the lightest supersymmetric part-

ner (usually a neutralino) in supersymmetric models with R-parity

conservation, or analogous stable particles in Little Higgs or univer-

sal extra dimension models. There are a wide variety of variations

on these themes, e.g., involving very light gravitinos or other su-

persymmetric particles. There are many searches for WIMPs going

on, including direct searches for the recoil produced by scattering

of Solar System WIMPs, indirect searches for WIMP annihilation

products, and searches for WIMPs produced at accelerators.178–180

Axions, perhaps associated with the strong CP problem or with

string vacua,181 are another possibility. Searches for axions pro-

duced in the Sun, in the laboratory, or from the early universe are

currently underway.134,182
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• The suppression of flavor changing neutral currents, pro-

ton decay, and electric dipole moments. The standard model

has a number of accidental symmetries and features which forbid

proton decay, preserve lepton number and lepton family number

(at least for vanishing neutrino masses), suppress transitions such

as K+ → π+νν̄ at tree-level, and lead to highly suppressed electric

dipole moments for the e−, n, atoms, etc. However, most exten-

sions of the SM have new interactions which violate such sym-

metries, leading to potentially serious problems with FCNC and

EDMs. There seems to be a real conflict between attempts to deal

with the Higgs/hierarchy problem and the prevention of such ef-

fects.

Recently, there has been much discussion of minimal flavor viola-

tion, which is the hypothesis that all flavor violation, even that

which is associated with new physics, is proportional to the stan-

dard model Yukawa matrices,51,183 leading to a significant suppres-

sion of flavor changing effects.
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