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This is the first of three lectures that were given at the IUCSS summer school during
June of 2015. The lectures contain a brief introduction to the minimal Standard
Model Extension (SME), an overview of renormalization in this framework, and the
connection to Finsler geometry. These lectures are part of a coherent week-long
program at IUCSS and therefore may rely on notation and concepts covered in other
lectures.



I. INTRODUCTION TO SME

The Standard Model represents the current status of the attempt to match the

fundamental particle content of nature to a corresponding set of representations

(projective for fermions...) of a group within the context of quantum gauge field

theory. The relevant group in this case consists of an internal symmetry group

SU(3)× SU(2)×U(1) and a spacetime symmetry group P , where P is the Poincaré

group consisting of translations and Lorentz transformations in spacetime. A key fact

is that the electroweak subgroup SU(2)×U(1) is broken in nature through the Higgs

mechanism. So far, the Poincaré group appears to be intact, it is the main goal of

the extension called the Standard Model Extension to incorporate possible breaking

of this group in a way that retains the central features of quantum field theory.

More conventionally, physics ”beyond the Standard Model” involves attempts to

enlarge the internal symmetry group or the Poincaré group. For example, grand uni-

fied theories take a larger group like SU(5) that contains the SM internal symmetry

group as a subgroup. Additional particles arise corresponding to the extra gener-

ators that are introduced. In Supersymmetry, the Poincaré group is enlarged to a

supergroup that includes transformations between fermions and bosons. New parti-

cles appear as partners to currently observed particles. This new symmetry must be

broken if present in nature since these partner particles are as yet unobserved. Other

ways of going beyond the standard model continue the process of guessing new repre-

sentations within the current SM group structure. Introduction of a fourth generation

and incorporation of multiple Higgs particles are examples of this approach.

It is also possible to retain the current representation content and introduce new

non minimal couplings into the theory. For example, terms of the form

λψσαβγ5ψFαβ, (1)

can arise after electroweak symmetry breaking from group invariant additions to the

SM and they contribute electric dipole moments to fermions. Such terms are not

included in the Standard Model as they are not renormalizable, although they can

in fact be induced by radiative corrections. Renormalization normally fails whenever
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the dimension of the operator is greater than 4, more will be said about this in the

renormalization lecture. The lecture by Matt Mewes will also cover the non minimal

SME construction that includes some possible higher-dimensional operators in the

SME.

The Standard Model Extension [1, 2] (SME) contains all possible couplings be-

tween standard model fields and background vectors and tensors that may arise

through a generic spontaneous symmetry breaking mechanism. The minimal SME is

obtained by restricting the new terms to satisfy the following conditions

1. Same representation content as the SM (no extra Higgs, W ′, etc...)

2. Preserve internal SU(3)× SU(2)×U(1) gauge symmetry (prior to electroweak

spontaneous symmetry breaking)

3. Preserve the translation subgroup of the Poincaré group (yields conservation of

energy and momentum via Nöether’s Theorem)

4. Dimension of the operators restricted to D ≤ 4 (for power-counting renorm)

Once these conditions are imposed, the list of allowable corrections becomes man-

ageable and can be written down explicitly. It is convenient to break the resulting

lagrangian up into five sectors; the leptons, quarks, Yukawa couplings, Higgs, and

gauge sectors.

As an example, consider the lepton sector of the Standard Model (prior to SU(2)

× U(1) breaking). The Standard Model lepton fields form left-handed doublets and

right-handed singlets of SU(2) and are SU(3) singlets, hence they are immune to the

strong force.

LA =

(
νA
lA

)
L

, RA = (lA)R , (2)

where A = 1, 2, 3 labels flavour and the left- and right-handed fields are constructed

using the usual helicity projection operators ψL ≡ 1
2
(1− γ5)ψ , and ψR ≡ 1

2
(1 + γ5)ψ.

The non-vanishing lepton terms compatible with the SM symmetry group take the

form

Llepton = 1
2
iLAγ

µ
↔
Dµ LA + 1

2
iRAγ

µ
↔
Dµ RA . (3)
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Note that explicit inclusion of mass terms like MABLALB is perfectly consistent with

gauge invariance, however, the presence of the left-handed projection operators im-

plies this term is identically zero, so this attempt at putting masses in directly fails.

This is why mass terms cannot be explicitly included into the standard model The

covariant derivative is determined by the particular representation chosen for the field

that it acts on. In the lepton representation it takes the form

Dµ = ∂µ − igW a
µTa −

i

2
g′Y Bµ, (4)

where Ta are the lie algebra SU(2) elements with Ta → 1
2
σa acting on La and Ta → 0

when acting on RA. The Y is the U(1) hypercharge, -1 for LA and 0 for RA. The

only CPT-even terms compatible with the assumptions of the minimal SME are

LCPT−even
lepton = 1

2
i(cL)µνABLAγ

µ
↔
Dν LB + 1

2
i(cR)µνABRAγ

µ
↔
Dν RB , (5)

where cL and cR are tensors (in both coordinate and flavor spaces) that parameterize

the violation. The CPT-odd terms compatible with the assumptions are

LCPT−odd
lepton = −(aL)µABLAγ

µLB − (aR)µABRAγ
µRB , (6)

where aL and aR are vectors in coordinate space and tensors in flavor space. The

minimal SME makes no claims about relationships between parameters and leaves

their determination as an experimental issue. More specific theories leading to Lorentz

violation may predict relations between the parameters. For example, it is often

common to assume rotational invariance in the CMBR frame or postulate lepton

number conservation to further restrict terms in any specific analysis. In fact, some

noncommutative field theories predict Lorentz violation that only arises in higher

dimensional operators [3]. These are the subject of the non-minimal SME.

Once the electroweak symmetry is broken, the terms are re-expressed in terms of

Dirac spinors ψ = ψL + ψR. (aR and aL → a and b) and (cL and cR → c and d). For

example, the electron sector CPT-even terms become

LCPT−evenelectron =
i

2
cµνψγ

µ
↔
Dν ψ +

i

2
dµνψγ

5γµ
↔
Dν ψ (7)
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and the CPT-odd terms

LCPT−odd
electron = −aµψγµψ − bµψγ5γµψ . (8)

Note that parameters ’ e, f, g, and H’ that often appear in the literature are missing in

the above analysis. The ’H’ term arises from allowable modifications to the Yukawa

sector corresponding to the SM term

LY ukawa = −(GL)ABLAφRB + h.c., (9)

where φ is the standard SU(2) doublet Higgs field. An additional term of the form

LCPT−evenY ukawa = −1

2
HµνLAφσ

µνRB + h.c., (10)

is consistent with all of the minimal SME restrictions. After electroweak breaking,

an additional term

LCPT−evenelectron = −1

2
Hµνψσ

µνψ, (11)

shows up in the electron sector. The remaining parameters ’e’, ’f’, and ’g’ can be

included at the level of a strictly U(1) theory, but cannot arise from gauge invariant

couplings in the full Standard Model and are technically not part of the minimal

SME. They can be written down explicitly as

Lextra
electron = 1

2
ieνψ

↔
Dν ψ − 1

2
fνψγ5

↔
Dν ψ

+1
4
igλµνψσ

λµ
↔
Dν ψ . (12)

These terms are often included for completeness in single fermion theories with

Lorentz violation where only U(1) is relevant since they complete the set of possible

fermion bilinear terms and allow a more complete search for possible effects.

Minimal photon sector effects arise from directly coupling SM gauge fields to

background parameters. After electroweak symmetry breaking, the remaining U(1)

symmetric field is the photon and it gains two types of corrections. The SM photon

lagrangian is given by

Lphoton = −1

4
F µνFµν , (13)
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where F µν = ∂µAν − ∂νAµ is the gauge invariant electromagnetic field tensor. The

CPT-even correction has a similar form to the conventional term

LCPT−evenphoton = −1

4
(kF )µνλκF

µνF λκ, (14)

where kF is a dimensionless fourth rank tensor defined with the symmetries of the

Riemann tensor (Note that any elements not conforming to the Riemann tensor sym-

metries contribute either zero or total derivatives to the lagrangian). A further sep-

aration of these terms into trace-free and nonzero-trace contributions is also useful.

The trace-free terms have the symmetries of the Weyl tensor in gravity and contribute

leading-order birefringent effects.

Another type of term, with a Chern-Simons form can also be included, it is

LCPT−oddphoton =
1

2
(kAF )κεκλµνA

λF µν , (15)

where the coupling coefficient kAF has dimensions of mass. At first sight, it appears

to violate gauge invariance, but the change in the lagrangian under a gauge trans-

formation Aµ → Aµ + ∂µΛ is actually a total derivative which vanishes in the action

(assuming surface terms can be safely discarded) leading to a gauge invariant inter-

action. In fact, this term has previously occurred in the literature [4] and it has

been shown that arbitrary large negative energies are possible when the coefficient is

light-like making the theory unstable. When kAF is space like, the theory appears

to be stable and yields by far the tightest bounds on CPT violation in the photon

sector to date [5] using cosmological birefringence measurements.

When writing down all possible terms, there is one additional term satisfying the

conditions,

(k0)κA
κ. (16)

It is gauge invariant since a gauge transformation simply contributes a total derivative.

It is generally disregarded since it contributes a linear instability in the theory, even

at the classical level. See the talk by Matt Mewes later in this conference for more

details on the photon sector SME.
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