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Introduction

The aim of this set of lectures is to give you an overview of what is
quantum field theory (QFT) from the perspective of a theorist of particle
physics. I will try to answer questions like:

Why is QFT the framework for the standard model which summarizes
our present understanding of the physics at the smallest distances ?

What are the theoretical reasons to doubt on the completeness of
such understanding ?

Why do we find ultraviolet divergences in QFT ?
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Introduction

I will assume that all of you have already seen a formulation of the
standard model at a graduate level including the effects of radiative
corrections in quantum electrodynamics (?).

Instead of considering a systematic treatment of the extension of
what you have seen, including the renormalization of non-abelian
gauge theories in the presence of the Higgs mechanism, which would
require a whole set of lectures I will concentrate on some conceptual
questions which are in my opinion essential to understand the present
and future role of QFT in particle physics.

We will not see any detailed calculation. I hope this will be partially
covered in other lectures in this TAE.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 4 / 50



Introduction

First talk

Free field theory

Interactions: perturbation theory

Diagrammatic representation

Second talk

dimensional analysis and power counting → ultraviolet divergences

Origin and interpretation

Renormalization. Symmetries.

Third talk

Effective field theories (EFT)

Naturalness. Fine-tunning. Beyond Standard Model (BSM)

Reduction of couplings. Approximate symmetries
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First part: Free field theory

Free Relativistic field theory

Lagrangian formulation

S =

∫
d4xL(x) L = L(φi , ∂µφi )

Theory of a real scalar field (φ)

Lagrangian: 1
2∂

µφ∂µφ− m2

2 φ
2

Field equation: ∂2
t φ = ~∇ 2φ−m2φ
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First part: Free field theory

Momentum space: φ(t, ~x) =
∫
d3p e i~p.~x φ̃~p(t)

Field equation: ∂2
t φ̃~p = −ω2

~pφ̃~p ω2
~p = ~p 2 + m2

Infinite (~p) decoupled oscillators

QFT of a scalar free field: a theory of free relativistic particles:
|~p > → E~p = ω~p.

Any free RQFT is a theory of free relativistic particles (different
particles, spin).
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First part: Interactions - perturbation theory

Observables

In particle physics one wants to understand how particles are
produced, how they propagate and how they are detected.

Process: evolution from an initial state into a final state of free
particles

< ~q1, ~q2, ..., ~qn; tf |~p1, ~p2, ..., ~pm; ti >

Requires to go beyond a free QFT including the effect of interactions
among particles.

QFT cannot be solved: approximation to the solution of the
interacting theory.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 8 / 50



First part: Interactions - perturbation theory

Observables

In particle physics one wants to understand how particles are
produced, how they propagate and how they are detected.

Process: evolution from an initial state into a final state of free
particles

< ~q1, ~q2, ..., ~qn; tf |~p1, ~p2, ..., ~pm; ti >

Requires to go beyond a free QFT including the effect of interactions
among particles.

QFT cannot be solved: approximation to the solution of the
interacting theory.

José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 8 / 50



First part: Interactions - perturbation theory

Observables

In particle physics one wants to understand how particles are
produced, how they propagate and how they are detected.

Process: evolution from an initial state into a final state of free
particles

< ~q1, ~q2, ..., ~qn; tf |~p1, ~p2, ..., ~pm; ti >

Requires to go beyond a free QFT including the effect of interactions
among particles.

QFT cannot be solved: approximation to the solution of the
interacting theory.
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First part: Interactions - perturbation theory

LSZ reduction formula∫ m∏
i=1

d4xie
−ipixi

∫ n∏
j=1

d4yje
iqjyj < 0|T{φ(y1)...φ(yn)φ(x1)...φ(xm)}|0 >

=
m∏
i=1

i
√
Z

p2
i −m2

n∏
j=1

i
√
Z

q2
j −m2

< ~q1, ~q2, ..., ~qn; tf |~p1, ~p2, ..., ~pm; ti >

Interaction picture: free fields φI

< 0|T{φ(y1)...φ(yn)φ(x1)...φ(xm)}|0 >=

< 0|T{φI (y1)...φI (yn)φI (x1)...φI (xm)e[−i
∫
d4xHI (x)]}|0 >

< 0|T{e[−i
∫
d4xHI (x)]}|0 >
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First part: Interactions - perturbation theory

Taylor expansion of (time ordered) exponential (perturbation theory)
leads to vacuum expectation value of time ordered product of free
fields.

Wick theorem

< 0|T{φI (z1)...φI (zN)}|0 >=
∑N/2∏

< 0|T{φI (zi )φI (zj)}|0 >


the sum includes all possible pairings of N spacetime points

All one needs is the vacuum expectation value of the time ordered
product of two free fields (Feynman propagator)

< 0|T{φI (x)φI (y)}0 >=

∫
d4k

(2π)4
e−ik(x−y) i

k2 −m2 + iε

limit when x → y is not well defined (product of local operators)
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Diagramatic representation

spacetime

Each contribution to the vacuum expectation value of the time ordered
product of fields can be represented by a two dimensional diagram whose
points represent spacetime points:

φI (y1)...φI (yn)φI (x1)...φI (xm) → (n + m) external lines ending at
points in the diagram (vertices)

HI (x) → vertex with as many lines as fields in HI (x)

< 0|T{φI (x)φI (y)}0 > → internal line connecting two vertices.
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points in the diagram (vertices)

HI (x) → vertex with as many lines as fields in HI (x)

< 0|T{φI (x)φI (y)}0 > → internal line connecting two vertices.

momentum space - Feynman rules

External lines with momenta q1, ..., qn, p1, ..., pm

Internal lines with (integrated) momentum → Propagator in
momentum space.

Integral of product of plane waves at each vertex → Momentum
conservation
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First part: Diagramatic representation

Loop expansion: number of undetermined momenta

L = I − (V − 1)

Single coupling → I = (nV − E )/2 → L = (n/2− 1)V − E/2 + 1

number of loops (L) proportional to the number of vertices (V )

loop expansion = perturbative expansion

~ dependence: overall 1/~ coefficient in the action → ~I−V = ~L−1

loop expansion = ~ expansion

Subtlety: one can ignore all corrections to the external lines →
amputated diagrams

Interaction on external lines → change in position of the pole and
residue in the propagator → mass renormalization and
renormalization factor Z in LSZ.
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First part: Diagramatic representation

spin one-half particles → Weyl, Dirac or Majorana fields

LSZ formula for Dirac filelds∫ ( m∏
i=1

d4xie
−ipixiu(~pi , ri )

)∫  n∏
j=1

d4yje
iqjyj ū(~qj , sj)


< 0|T{ψI (y1)...ψI (yn)ψ̄I (x1)...ψ̄I (xm)}|0 >=

m∏
i=1

i
√
Z

/pi −m

n∏
j=1

i
√
Z

/qj −m
< (~q1, s1), ..., (~qn, sn); tf |(~p1, r1), ..., (~pm, rm); ti >

Feynman propagator for a Dirac field

< 0|T{ψI (x)ψ̄I (y)}0 >=

∫
d4k

(2π)4
e−ik(x−y) i(/k + m)

k2 −m2 + iε

José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 14 / 50



First part: Diagramatic representation

spin one-half particles → Weyl, Dirac or Majorana fields

LSZ formula for Dirac filelds∫ ( m∏
i=1

d4xie
−ipixiu(~pi , ri )

)∫  n∏
j=1

d4yje
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First part: Diagramatic representation

Higher spin particles → Generalized Feynman propagator and LSZ
formula.

Gauge theories : local dynamical symmetry.
spin one massless particles → free vector field theory
spin one massive particles → Higgs mechanism

manifest relativistic invariance → new ingredients
(gauge fixing, ghosts, BRST symmetry)

”Auxiliary” fields → extension of diagrammatic representation
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Second part: Divergences

For diagrams with loops (L > 0) integration over momenta can lead to
divergences.

Infrared divergences when the QFT contains massless particles (like
the photon in QED).

Origin: In the perturbative calculation one is not considering
observables :
- massless particles can have energies smaller than the precision in the
energy determination
- combination of collinear massless particles is indistinguishable from
a single particle

Obervables, instead of transitions among states with a given number
of particles, are free of infrared divergences.
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Second part: Divergences

Ultraviolet divergences from the limit of infinite momenta.

Locality: product of fields at a given point in spacetime (lagrangian
density). In QFT classical fields become operators: product of
operators at a given point in spacetime contain singularities.

Any QFT will have a limited domain of validity fixed by the necessity
to include additional degrees of freedom or to go beyond the QFT
framework.

Extending the integration to arbitrarily large momenta (which is the
origin of ultraviolet divergences) one is using QFT beyond its domain
of validity.
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Second part: Power counting

Superficial degree of divergence (D)

Behaviour of the integral when all the undetermined momenta go to
∞ with their ratio fixed.

If interaction does not contain derivatives D = 4L− 2Ib − If

ultraviolet divergences stronger if one considers extra dimensions

If a diagram and all its subdiagrams have D < 0 the diagram is free
of UV divergences (Weinberg’s theorem)

Primitive divergences ; diagrams with D ≥ 0

Expression of D in terms of the number of external lines case by case
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of UV divergences (Weinberg’s theorem)

Primitive divergences ; diagrams with D ≥ 0

Expression of D in terms of the number of external lines case by case
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Second part: Power counting

QFT with a real scalar field (φ) and a φn interaction

D = 4L− 2I = 4(I − V + 1)− 2I = 2I − 4V + 4

nV = E + 2I −→ D = 4− E + (n − 4)V

n = 4 → D = 4− E . Primitive divergences:
E = 0 (”irrelevant”) quartic divergent contribution.
E = 2 quadratic divergent contribution to the self-energy of the field.
E = 4 logarithmic divergent correction to the vertex.

n > 4 Infinite number of primitive divergences to be reabsorved in
the perturbative expression of observables → Infinite number of
measurements → predictive power lost → non renormalizable theory.

Simple dimensional argument : [λn] = M4−n

Higher orders in perturbative expansion → momentum integral with a
higher dimension of mass (superficial degree of divergence).
A necessery condition to have a finite number of primitive divergences
(renormalizable theory) is the absence of couplings with a negative
dimension of mass
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 19 / 50



Second part: Power counting

QFT with a real scalar field (φ) and a φn interaction

D = 4L− 2I = 4(I − V + 1)− 2I = 2I − 4V + 4

nV = E + 2I −→ D = 4− E + (n − 4)V

n = 4 → D = 4− E . Primitive divergences:
E = 0 (”irrelevant”) quartic divergent contribution.
E = 2 quadratic divergent contribution to the self-energy of the field.
E = 4 logarithmic divergent correction to the vertex.

n > 4 Infinite number of primitive divergences to be reabsorved in
the perturbative expression of observables → Infinite number of
measurements → predictive power lost → non renormalizable theory.

Simple dimensional argument : [λn] = M4−n

Higher orders in perturbative expansion → momentum integral with a
higher dimension of mass (superficial degree of divergence).
A necessery condition to have a finite number of primitive divergences
(renormalizable theory) is the absence of couplings with a negative
dimension of mass
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Second part: Power counting

QED

LQED = −1
4FµνF

µν + 1
2ξ (∂µA

µ)(∂νA
ν) + Ψ̄(iγµDµ −m)Ψ

Fµν = (∂µAν − ∂νAµ) Dµ = ∂µ − ieAµ

D = 4(Iγ + If − V + 1)− 2Iγ − If = 2Iγ + 3If − 4V + 4

2V = Ef + 2If , V = Eγ + 2Iγ → D = 4− Eγ − 3
2Ef

Primitive divergences: Eγ + 3
2Ef ≤ 4 (finite number)

Dimensional analysis: [Aµ] = M, [Ψ] = M3/2 → [e] = M0

Symmetries modify relation between D and UV divergences:
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 20 / 50



Second part: Power counting

QED

LQED = −1
4FµνF

µν + 1
2ξ (∂µA

µ)(∂νA
ν) + Ψ̄(iγµDµ −m)Ψ

Fµν = (∂µAν − ∂νAµ) Dµ = ∂µ − ieAµ

D = 4(Iγ + If − V + 1)− 2Iγ − If = 2Iγ + 3If − 4V + 4

2V = Ef + 2If , V = Eγ + 2Iγ → D = 4− Eγ − 3
2Ef

Primitive divergences: Eγ + 3
2Ef ≤ 4 (finite number)

Dimensional analysis: [Aµ] = M, [Ψ] = M3/2 → [e] = M0

Symmetries modify relation between D and UV divergences:
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Second part: Power counting

QED

Ef = 0 → Eγ even (charge conjugation symmetry).

Eγ = 4 → D = 0 but correction to the vertex is not divergent
Eγ = 2 → D = 2 but correction to the photon self-energy is
logarithmically divergent (gauge symmetry)

Ef = 2

Eγ = 0 → D = 1 but logarithmic divergence in the
fermion self-energy (quiral symmetry in the limit m→ 0)
Eγ = 1 → D = 0 logarithmic divergence.

To summarize one has a logarithmic primitive divergence in the
photon and fermion self-energies and in the vertex correction.
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Second part: Renormalization

Infinities ↔ predictions from QFT

Infinities in expressions of observables in terms of parameters of the
theory.

Relations between observables are free of infinities.

One needs a regularization to make sense of the perturbative
expansion and to reabsorb infinities in a redefinition of parameters
(renormalization)
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One needs a regularization to make sense of the perturbative
expansion and to reabsorb infinities in a redefinition of parameters
(renormalization)

Choices of regularization

Momentum cutoff in radial coordinate integration after Wick rotation.

Modified propagators adding contribution with large masses and
negative residues (Pauli-Villars).

Modified dimension of momentum space (dimensional regularization).

Higher derivative terms in the lagrangian, Discrete space-time (lattice
regularization), Product of fields at different points (point splitting) ...

José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 23 / 50



Second part: Renormalization

Infinities ↔ predictions from QFT

Infinities in expressions of observables in terms of parameters of the
theory.

Relations between observables are free of infinities.

One needs a regularization to make sense of the perturbative
expansion and to reabsorb infinities in a redefinition of parameters
(renormalization)

Choices of regularization

Momentum cutoff in radial coordinate integration after Wick rotation.

Modified propagators adding contribution with large masses and
negative residues (Pauli-Villars).

Modified dimension of momentum space (dimensional regularization).

Higher derivative terms in the lagrangian, Discrete space-time (lattice
regularization), Product of fields at different points (point splitting) ...
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Second part: Renormalization

Set of prescriptions applied to the QFT in order to replace the
expression of the perturbative expansion with infinities by well defined
finite expressions.

Choice of regularization dictated by the simplicity of their use in a
perturbative calculation and by the consistency of these prescriptions
with the symmetries of the classical field theory.

Regularized theory is not a well defined quantum theory.

Search for a physical regularization may be a guide principle to look
for an ultraviolet completion of QFT (?)
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Second part: Renormalization

Evaluation of primitive divergences with dimensional regularization

Introduce parameter µ with dimension of mass to compensate change
of dimensions d = 4− ε.
Diracology: γµγµ = (4− ε)I4×4 , γµ/pγµ = −(2− ε)/p, ...

Feynman parameters to combine a product of propagators:
1

D1D2...Dn
=
∫ 1

0 dx1dx2...dxnδ (
∑n

i=1 xi − 1) (n−1)!
[x1D1+...+xnDn]n

Displacement in the momentum integration variable to have a
squared momentum in the denominator.

Go (through a Wick rotation) from the original Minkowski space
integral to a Euclidean integral which factorise into an angular finite
integration and a radial coordinate integral.

Evaluate the integral in terms of Euler Gamma function and use their
properties to isolate the divergences that appear as poles in the limit
ε→ 0.
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Second part: Renormalization of QED at one loop

Primitive divergences:
- Fermion self-energy −iΣ(1)(/p)

- Photon self-energy iΠ
(1)
µν (k) = i(k2gµν − kµkν)Π(1)(k2) in terms of

a function of one variable Π(1)(k2) (vacuum polarization) as a
consequence of Lorentz covariance and gauge symmetry
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 26 / 50



Second part: Renormalization of QED at one loop

Primitive divergences:
- Fermion self-energy −iΣ(1)(/p)

- Photon self-energy iΠ
(1)
µν (k) = i(k2gµν − kµkν)Π(1)(k2) in terms of

a function of one variable Π(1)(k2) (vacuum polarization) as a
consequence of Lorentz covariance and gauge symmetry
- Vertex correction (ieΛ(1)(p, q))

L = Ψ̄i /∂Ψ−m0Ψ̄Ψ + e0Ψ̄γµΨAµ − 1
4 (∂µAν − ∂νAµ)(∂µAν − ∂νAµ)

Ψ = ZΨ
1/2ΨR Aµ = ZA

1/2AµR m0 = Zmm e0 = Zee

L = Z2 Ψ̄R i /∂ΨR − Z0 mΨ̄RΨR + Z1 eΨ̄RγµΨRA
µ
R

−Z3
1

4
(∂µAνR − ∂νA

µ
R)(∂µARν − ∂νARµ)

Z2 = ZΨ Z0 = ZmZΨ Z1 = ZeZψZ
1/2
A Z3 = ZA
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Second part: Renormalization of QED at one loop

The original lagrangian can be decomposed as a sum of a
renormalized lagrangian (LR)

LR = Ψ̄R i /∂ΨR −mΨ̄RΨR + eΨ̄RγµΨRA
µ
R

−1

4
(∂µAνR − ∂νA

µ
R)(∂µARν − ∂νARµ)

and a counterterms lagrangian (δL) where δZi = Zi − 1

δL = δZ2 Ψ̄R i /∂ΨR − δZ0 mΨ̄RΨR + δZ1 eΨ̄RγµΨRA
µ
R

−δZ3
1

4
(∂µAνR − ∂νA

µ
R)(∂µARν − ∂νARµ)
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Second part: Renormalization of QED at one loop

Divergences can be compensated by an appropriate choice of
counterterms order by order in the perturbative expansion.

Different renormalization schemes (counterterms differing in finite
contributions)

Different renormalized fields and parameters

Different expressions of observables in terms of renormalized
parameters

Relations among observables that one obtains after eliminating the
renormalized parameters are independent of the renormalization
scheme (physical content of QFT)

José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 28 / 50



Second part: Renormalization of QED at one loop

Divergences can be compensated by an appropriate choice of
counterterms order by order in the perturbative expansion.

Different renormalization schemes (counterterms differing in finite
contributions)

Different renormalized fields and parameters

Different expressions of observables in terms of renormalized
parameters

Relations among observables that one obtains after eliminating the
renormalized parameters are independent of the renormalization
scheme (physical content of QFT)
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Second part: Renormalization group

Example of equivalence of renormalization schemes: different choices
for the dimensional scale µ introduced in dimensional regularization
lead to different renormalized couplings eR(µ) in order to reproduce
the same theory:

µdeR(µ)
dµ = β(eR(µ))

β function: expansion in powers of the renormalized coupling.

Quantum corrections to the photon propagator in the scattering of
electrons leads to the introduction of an effective coupling

e2
0

1− Π(q2)
=

e2Z−1
3

1− Π(q2)
=

e2

1− [Π(q2)− Π(0)]
.

= e2(Q2)

q is the transferred momentum in the scattering; Q2 = −q2 > 0

José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 29 / 50



Second part: Renormalization group

Example of equivalence of renormalization schemes: different choices
for the dimensional scale µ introduced in dimensional regularization
lead to different renormalized couplings eR(µ) in order to reproduce
the same theory:

µdeR(µ)
dµ = β(eR(µ))

β function: expansion in powers of the renormalized coupling.

Quantum corrections to the photon propagator in the scattering of
electrons leads to the introduction of an effective coupling

e2
0

1− Π(q2)
=

e2Z−1
3

1− Π(q2)
=

e2

1− [Π(q2)− Π(0)]
.

= e2(Q2)

q is the transferred momentum in the scattering; Q2 = −q2 > 0
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Second part: Renormalization group

Dependence of the effective coupling e(Q2) on the transferred
momentum is just the dependence of the renormalized coupling on
the square of the renormalization scale.
Effective coupling is just the intensity of the electromagnetic
interaction which depends on the energy.

QFT with several couplings gi

µ∂gidµ = βi (g)

Each function βi : expansion in powers of the set of couplings g
(coefficients of the interaction terms in the QFT lagrangian)

Symmetries in the lagrangian → Relations among couplings
compatible with the renormalization group equations.

Relations among couplings compatible with the renormalization group
not associated to a symmetry (reduction of couplings).
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 30 / 50



Second part: Renormalization and symmetries

There are cases where any choice of renormalized couplings at some
high renormalized scale µ within a certain domain leads to
renormalized couplings at a much smaller scale approaching
asymptotically to a low dimensional subspace in the space of couplings

Infrared reduction of couplings

Symmetries in a QFT can correspond to an infrared reduction of
couplings
Symmetry is not a principle but an approximate property of the low
energy limit of a QFT

Gauge symmetry of QED is manifest in dimensional regularization
Local symmetry is compatible with decomposition into renormalized
lagrangian and counterterms lagrangian (δZ1 = δZ2)
Counterterms are just those of the original classical lagrangian.

QED with a cutoff in (Wick rotated) momentum integral:
Simple relation between renormalization constants is lost.
Additional counterterms required.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 31 / 50



Second part: Renormalization and symmetries

There are cases where any choice of renormalized couplings at some
high renormalized scale µ within a certain domain leads to
renormalized couplings at a much smaller scale approaching
asymptotically to a low dimensional subspace in the space of couplings

Infrared reduction of couplings

Symmetries in a QFT can correspond to an infrared reduction of
couplings
Symmetry is not a principle but an approximate property of the low
energy limit of a QFT

Gauge symmetry of QED is manifest in dimensional regularization
Local symmetry is compatible with decomposition into renormalized
lagrangian and counterterms lagrangian (δZ1 = δZ2)
Counterterms are just those of the original classical lagrangian.

QED with a cutoff in (Wick rotated) momentum integral:
Simple relation between renormalization constants is lost.
Additional counterterms required.
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Second part: Renormalization and symmetries

There are cases where it is not possible to maintain all the
symmetries of a classical theory when one goes to the quantum
theory (anomalies):
Generic fermion field content in a theory with a gauge chiral symmetry

A chiral gauge invariant QFT requires an appropriate choice of the
fermion field content ↔ Obstruction to find a regularization where
the gauge symmetry is manifest to all orders in perturbation theory.

Appropriate fermion field content ↔ Consistency condition in order to
be able to reabsorb all the divergences into a redefinition of fields and
parameters.
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Third part: Effective field theory (EFT)

From renormalizable QFT to EFT

Physics at different scales requires different theoretical frameworks

EFT: tool to explore simplifications for systems with a large hierarchy
of scales.

UV divergences ↔ domain of validity of QFT ↔ EFT as an
approximation to the dependence on the details of the more
fundamental theory.
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Third part: Effective field theory (EFT)

Simplest example

Renormalizable QFT with two real scalar fields with masses m, M
(m� M).
Effects of the heavy particles on processes involving only light
particles with energies E � M ?

Together with effects which are suppressed by powers of the ratio
(E/M), all the effects of the heavy particles can be absorbed into a
finite renormalization of the parameters of the QFT with the light
scalar field.

To a given order in the expansion in powers of the ratio (E/M) one
has a limited number of local interactions with the light fields induced
by the presence of the heavy field

Local interactions ↔ limitation to very small distances of the
violations of the conservation of energy-momentum by the uncertainty
principle.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 34 / 50



Third part: Wilson action

Effective action for the ”low energy” modes of the light scalar field
which results from the integration of heavy scalar field and ”high
energy” modes (p2 + m2 > λ2 after Wick rotation).

Change in λ can not affect to the value of observables: Cancellation
between the dependence on λ of the parameters in the effective
action and the dependence on λ of the relation between these
parameters and observables.

New understanding of renormalization in QFT (Wilson): It is not a
set of prescriptions required to make consistent a QFT with the
ultraviolet divergences that appear in a perturbative expansion but the
way to take into account how the theory has to be modified depending
on the degrees of freedom that one is incorporating explicetly.

A consequence of the reinterpretation of QFT as an effective field
theory which results from the integration of the “high energy” degrees
of fredom is that the action has an infinite number of terms going
beyond renormalizable QFT.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 35 / 50



Third part: Wilson action

Effective action for the ”low energy” modes of the light scalar field
which results from the integration of heavy scalar field and ”high
energy” modes (p2 + m2 > λ2 after Wick rotation).

Change in λ can not affect to the value of observables: Cancellation
between the dependence on λ of the parameters in the effective
action and the dependence on λ of the relation between these
parameters and observables.

New understanding of renormalization in QFT (Wilson): It is not a
set of prescriptions required to make consistent a QFT with the
ultraviolet divergences that appear in a perturbative expansion but the
way to take into account how the theory has to be modified depending
on the degrees of freedom that one is incorporating explicetly.

A consequence of the reinterpretation of QFT as an effective field
theory which results from the integration of the “high energy” degrees
of fredom is that the action has an infinite number of terms going
beyond renormalizable QFT.
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Third part: Power counting in EFT

In the lagrangian of an EFT one has, together with the terms of a
renormalizable QFT, terms Li of mass dimension di > 4 which will
have coefficients proportional to (1/Λ)di−4 where Λ is a scale with
dimension of mass which characterizes the physics beyond the EFT.

Standar perturbative calculation → UV divergences.
Dimensional regularization: dependence on Λ from the factors
(1/Λ)di−4 in the vertices corresponding to the additional terms Li in
the lagrangian.

Renormalized QFT is just the approximation to the EFT where one
neglects any dependence on the scale Λ.

At each order in the expansion in powers of (1/Λ) for the observables
one will have a finite number of divergences which can be treated
exacly as in the case of renormalizable QFT.

Observables in terms of a finite number of renormalized parameters
which will include the dimensionless coefficients of the new terms Li
in the lagrangian.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 36 / 50



Third part: EFT rules

Choose the accuracy with which observables are to be computed
(limited precision of observations, limited domain of validity of
perturbative expansion, limited tools of calculations).

Determine the order in the expansion in powers of (1/Λ) required to
achieve the desired accuracy.

Truncate the EFT accordingly.

Determine the free parameters of the truncated EFT by a sufficient
number of observables so that any other observable can be predicted.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 37 / 50



Third part: EFT rules

Choose the accuracy with which observables are to be computed
(limited precision of observations, limited domain of validity of
perturbative expansion, limited tools of calculations).

Determine the order in the expansion in powers of (1/Λ) required to
achieve the desired accuracy.

Truncate the EFT accordingly.

Determine the free parameters of the truncated EFT by a sufficient
number of observables so that any other observable can be predicted.
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Determine the order in the expansion in powers of (1/Λ) required to
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number of observables so that any other observable can be predicted.
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have a predictive power.
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Third part: EFT with several scales

v → (φ/v), Λ → (∂/Λ) f → f 4Li

Power counting determines dependence on scales of any graph.

If E � Λ, f → EFT truncated with a finite number of terms.

Chiral EFT (spontaneous breaking of an aproximate symmetry)
v : order parameter of SSB, fields: small mass pseudo-goldstone
bosons, Λ: mass of next heavier states not included in EFT, f =

√
vΛ.

Physics behind the effective field theory is nonperturbative.
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Third part: Examples of EFT in particle physics

Interaction of photons with a macroscopic current distribution at
energies much smaller than the mass of the electron:
EFT integrating out the electron in the renormalizable QFT with the
electron field coupled to the gauge field and a linear coupling of the
gauge field to the macroscopic current.

Example of EFT with just one scale Λ = me

Second heavier charged particle (the muon):
First EFT: electron and electromagnetic fields. Λ = mµ,
me < E < mµ.
Second EFT: electromagnetic field. Λ = me , E < me .

Matching conditions at µ = mµ and at µ = me

Weak interactions at energies E < MW

Violations to decoupling: not all the effects of the top quark are
suppressed by powers of (E/mt) !! (yt ∝ mt)
EFT takes into account effect of heavy quarks in weak processes for
light particles including the effect of strong interactions.
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Third part: Examples of EFT in particle physics

EFT for light meson physics
Renormalizable QCD with quark and gluon fields → EFT with scalar
fields for pions and kaons.
v = Fπ ∼ 100MeV Λ ∼ GeV f =

√
FπΛ

Gravity on macroscopic scales
electromagnetic interaction → gravitational interaction
electromagnetic field → metric
gauge invariance → general covariance
v = MP (Planck mass ↔ Newtonian coupling) Λ = me .
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Third part: Fine tuning in EFT

Naturalness and absence of fine tuning → consistency condition for
extensions of SM.

Sensitivity of observables to changes in the parameters of the EFT →
fine tuning → Detailed knowledge of the fundamental theory required
in order to reproduce the low energy observables → Argument against
EFT with fine tuning.

Sensitivity of the mass of a spinless particle in EFT with scalar field:
Generic choice of dimensionless parameters of EFT → ms ∼ Λ

Regularization by a cutoff → Contributions to the renormalized mass
parameter proportional to the cutoff.
Dimensional regularization → Dependence of renormalized parameters
on scale µ is logarithmic (no power dependence) !!
Observables are independent of renormalization scheme:
Fine tuning in dimensional regularization appears in relation between
the mass of the scalar and the renormalized parameters.
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Third part: Naturalness and fine tuning in EFT

Spinless (elementary) particle in EFT → fine tuning

General property of EFT : very difficult to have a large hierarchy of
mass scales in an EFT unless one has an additional symmetry when
the small mass scale vanishes (naturalness).

spin 1/2 → Chiral symmetry spin 1 → Gauge symmetry

spin 0 → No additional symmetry
EFT with a scalar field is an unnatural theory which requires fine tunning

Accepting naturalness and absence of fine tunning and observation of
Higgs particle:

Higgs particle: pseudo-goldstone boson of an EFT with SSB of an
aproximate symmetry.
Extension of SM with a symmetry relating bosons and fermions
(supersymmetry):
Scalar fields in EFT consistent with naturalness.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 43 / 50



Third part: Naturalness and fine tuning in EFT

Spinless (elementary) particle in EFT → fine tuning

General property of EFT : very difficult to have a large hierarchy of
mass scales in an EFT unless one has an additional symmetry when
the small mass scale vanishes (naturalness).

spin 1/2 → Chiral symmetry spin 1 → Gauge symmetry

spin 0 → No additional symmetry
EFT with a scalar field is an unnatural theory which requires fine tunning

Accepting naturalness and absence of fine tunning and observation of
Higgs particle:

Higgs particle: pseudo-goldstone boson of an EFT with SSB of an
aproximate symmetry.
Extension of SM with a symmetry relating bosons and fermions
(supersymmetry):
Scalar fields in EFT consistent with naturalness.
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Third part: Fine tuning in EFT

Pseudo-goldstone boson Higgs → new states associated to
nonperturbative physics behind SSB at TeV energies.

Supersymmetry not realized in the spectrum of particles →
approximate symmetry → new states at TeV energies or fine tuning.

Neither indirect signals through radiative corrections nor direct signals
in LHC of physics beyond the SM have shown up → Tension for the
different proposals for a natural and free of fine-tuning extension of
the SM.

Alternative: unnatural EFT with fine tuning → EFTSM

Small deviations from SM ↔ di = 6 with the symmetries and field
content of the SM.
Number of operators is too large (?) for phenomenological purposes:
59 after use of field equations.
Reduction of couplings (?) in EFTSM: RGE for the 59 parameters are
known but one needs to include operators which are not relevant in
determination of observables.
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Third part: Speculative ideas for UV completion of SM

Obstruction for an EFT including gravity beyond the Planck scale ↔
quantum structure of spacetime (?)

Departure from classical spacetime → Lorentz invariance approximate
symmetry (?).

EFT with LIV: a candidate for UV completion of SM.

No LI physical regularization of QFT ↔ LIV physical regulator (?)

New perspective to problems of naturalness and fine tuning

Addtional problem: fine-tuning required to get a low energy limit
compatible with the very stringent limits to LIV.

Another alternative to UV completion: deviation from the standard
notion of locality.
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José Luis Cortés (UZ) QFT - TAE 2015 23-25 September 2015 45 / 50



Third part: Speculative ideas for UV completion of SM

Obstruction for an EFT including gravity beyond the Planck scale ↔
quantum structure of spacetime (?)

Departure from classical spacetime → Lorentz invariance approximate
symmetry (?).

EFT with LIV: a candidate for UV completion of SM.

No LI physical regularization of QFT ↔ LIV physical regulator (?)

New perspective to problems of naturalness and fine tuning

Addtional problem: fine-tuning required to get a low energy limit
compatible with the very stringent limits to LIV.

Another alternative to UV completion: deviation from the standard
notion of locality.
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Third part: Incomplete list of topics not covered

Relation between statistical mechanics and QFT; applications of QFT
to phase transitions and critical phenomena.

Non-perturbative effects in QFT.

Lattice field theory.

Relation between classical gravity on a manifold with boundary and
quantum field theory on such boundary.

QFT in higher dimensional spacetimes.

Study of geometrical and topological properties of manifolds by
formulating appropriate QFT on a manifold with a nontrivial topology.
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Exercises

1. One-loop renormalization of QED with a momentum cutoff:
Calculate the renormalized lagrangian and counterterms at one loop
in QED using a momentum cutoff in the Wick rotated euclidean
momentum integrations as a regularization. Compare the results with
those of dimensional regularization.

2. Simplest example of reduction of couplings in a renormalizable QFT:
Identify the structure of the one-loop renormalization group equations
for the scale dependence of the two dimensionless renormalized
couplings (a Yukawa coupling and a scalar self-coupling) of a
renormalizable QFT with a scalar and a Dirac field. Look for a
relation, valid at all scales, between the two renormalized couplings.

3. Simplest example of reduction of couplings in an EFT:
Identify the general structure of the renormalization group equations
for the EFT with a real scalar field Φ and a discrete symmetry under
the transformation Φ→ −Φ at one loop. Look for relations among
renormalized parameters valid at all scales.
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Exercises

4. Example of an EFT derived from a renormalizable QFT:

Starting from a theory with two real scalar fields (φ, ξ) with a
lagrangian

L =
1

2
∂µφ∂µφ+

1

2
∂µξ∂µξ−

1

2
m2φ2− 1

2
M2ξ2−λ1

4!
φ4−λ2

4!
ξ4−λ3

4
φ2ξ2

(1)
determine the EFT with a real scalar field φ that one obtains when
one has a hierarchy of masses m� M and one considers observables
at energies E � M so that one can use an expansion in powers of
(E/M).
The solution can be found in [4].
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Exercises

5. Example of Lorentz invariance violation as a physical regulator:

Consider a theory with a real scalar field φ and a lagrangian

L =
1

2

(
∂φ

∂t

)2

− 1

2
~∇φ.~∇φ+ φK (~∇2)φ− m2

2
φ2 − λ

4!
φ4 (2)

where K is a real function of one real variable.
Calculate observables at one loop with this lagrangian. Is it posible to
choose the function K such that one does not find any divergence ?

6. EFTSM at order (1/Λ)2:

Write (with the SM fields) all the operators of dimension 6 that are
Lorentz scalars with products of fields and derivatives of fields.
Eliminate those operators that vanish as a consequence of the SM
field equations.
The solution can be found in [5].
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